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The contract terminated by the issuance of this report has helped to support
two projects concerned with the structure of organosiloxanes (silicones) and the
related organogermanium compounds. Progress on the organogermanium problem has
been reported in the previous annual report, and later in three articles ( J. Am.
Chem. Soc., 74, 4363 (1952), J. Organic Chem. 18, 303 (1953), and Naturwissenschaften
4o, 1k2 (1953).

Results on the other project, the investigation of the structure of silicones

by studying molecular motion in representative organosilicon compounds, have not

been published nor given in detail in the earlier reports. A complete account of
the purposes, the plan of attack, the results, and the various conclusions is best
obtained from the thesis presented to the faculty of the Graduate School of Arts
and Sciences by Hugh G. LeClair. For this reason, the principal portions of this
thesis are incorporated in this report, and a summary will be found on pages 137 to
140.

During part of the' past year Dr. James C. Sternberg was associated with this
project, and contributed much to the analysis of line shapes and widths. He left
the project on August 1 to join the staff of instruction at Michigan State University
at Lansing.

Dr. Hugh G. LeClair, who built the apparatus described herein and obtained most
of the experimental data, left the projest on September 1 to take a position with
the Du Pont Company at Buffalo, New York.
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ABSTRACT

MOLECULAR MOTION IN ORGANOSILOXAXE COMPOUNDS

The question of molecular motion in the solid state of
organosilicon compounds has been investigated by means of the tech-
nique of nuclear magnetic resonance abscrriion. The theory of the
line shape and second moment o be expected for a triangular con-
figuration of nuclei has been extended to include seversz’ types of
molecular rotation or tunneling.

A radiofrequency spectrometer and permanent magnet have been
constructed for use in this research. The operation of the spec-
trometer is described and its applicability to other types of problems
has been discussed. It is found that the fixed magnetic field and
variable 'fraquoncy technique used in this investigation has the
advantages of simplicity of operation, antomatic recording of data,
and avoidance of the problems uéociated with field regulation of
electromagnets. The additicns to the existing equipment which would
be required for other types of investigations are mentioned, and the
need for an oscillator circuit which can operate stably at very low
levels is pointed out in connection with the possible investigation
of pure organic compounds at low temperatures.

The results of the investigations of organosilicon compounds
are as follows:

(1) The methylchlorosilanes exhibit rotation or tunneling of tua
methyl groups about the C-81 bond at 77°K. Both the line shapes

and the second moments indicate there is also some low-frequency



motion of the molecule as a whole. The latter effect is attributed to
the near-spherical symmetry of these molecules.

(2) Nethoxytrichlorosilane exhibits rotation or tunneling of the
methyl group about the C-O bond, dbut there is little or no m'otion of
the molecule as a whole at.77°K.

(3) Hexamethyldisiloxane exhibits the usual rotation or tunneling
of the methyl groups. The low second moment indica*.: .. there is
an additional motion of the molecule which may be low-frequency
rotation as in the methylchblorosilanes.

(4) The cyclic siloxanes exhibit rotation of the methyl groups at
77°K. The cyclic trimer and tetramer also show an anomalous abrupt
increase in the line width and second moment at higher temperatures.
The canse of this unusual behavior is tentatively suggested to de due
to rotational oscillation of the methyl groups of the type postulated
by the Roth-Harker theory.

(5) Silicone rubber shows the usual rotation of the methyl groups
at 77°I. The line width decreases abruptly at 164°K to about one-
half the low temperature value, and decreases more gradually until
it is essentially a liquid-like line at 210°X. The decrease in line
width indicates that above 164°K the motion of the protons becomes
quite rapid and random. The existence of such motion can be con-
sidered as evidence in favor of the Roth-Harker theory, dbut does not
rule out the existence of coiling and uncoiling of the polymer chains.

It is indicated that there is reason for consideradle further

study of the question of molecular motion in the organosiloxanes.
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I. INTRODWCTION

A. % lerers’ tatement of the Problem.
T+« ¢ cularity of the silicones in both industrial and consumer applica-

tis "mn e o« cribed to their physical properties, which are unique in many

reszpeits . There properties must have their explanation in terms of their under-
Lyt roL~tular structure; therefore the elucidation of the molecular structure
wl L7+ v+I1% . n to the physical properties has become a subject of considerable

srattloaL ws vell as theoretical importance. The purpose of this research has
vewn L m;iiy the method of nuclear magnetic resonance absorption to the study

>+ me .= siloxane compounds, single molecules and polymers; and specifi-

SR AN S @.vt . jgate the nature of their internal motion, if any.
Tre i uve of the Silicones - Facts and Theories. (R1)

-

Tae »:w:nosiloxane polymers (silicones) comsist of silicon and oxygen
4% xs linge? alternately into long chains, networks, or rings, with organic

gutst (*u~nt, =2-ached to the silicon atoms in sufficient numbers to make the

3i1. n teiryvn snt, as shown below. \3 0
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The most common substituents in the commercial polymers are methyl groups,
although ethyl and phenyl groups are also used in some applications.

A consideration of the structural formulas makes certain properties
of the silicones, such as their heat resistance, seem logical, especially when
we recall the great strength of the silicon-oxygen bond. However, many other
properties are not so readily erplained: properties such as the abnormally low
boiling points, high molar volumes, small temperature coefficients of viscosity,
high compressibility, and the inherently low tensile strength of silicone rubber
for a given molecular weight. These proverties, when considered as a group, lead
to one definite conclusion: that the intermolecular attraction of the silicone
polymers is unusually low. Two hypotheses have been advanced to explain this
behavior.

Roth and Harker, on the basis of their x-ray diffraction studies on
octamethylspiropentasiloxane (formula 4, Figure 1), postulate that the $i-0-8i
bond angle is easily deformed, thus allowing the methyl groups to undergo consider-
able motion. In the long chain polymers, this would allow considerable rotation
about the $i-O0 bonds. The methyl groups would then occupy an effective volume
much larger than their actual volume, their rapid motion prevent;ng the close
approach of neighboring molecules, and thereby decreasing the intermolecular
attraction The easy deformation of the $1-0-3Si bond angle is attridbuted to
the high ionic character of the $i-0 bond (51% by electronegativity values or
the infrared spectra (Rl, p. 113-4)) which would result in a decrease in the
directional character of the dond. Since this hypothesis considers the presence
of siloxane linkages to be the fundamental cause of the low intermolecular
attraction, it is significant that replacement of the oxygen atoms by -cgz_
groups changes the properties of the resulting substances (silmethylenes) towards

those exvected for pure organic compounds (Bl, $1).



The theory advanced L.y Pauling (Pl is that the silicone chains are able
to coil and uncoil as the temperature decreases or increases. At low tempera-
tures, the molecules are tightly coiled into spheres, and there is little inter-
ferencs to flow. As the temperature is increased the chains begin to uncoil and
snarl, and the resultant interference to flow will at least partially compensate
for the effect of increased thermal agitation.

Fox, Taylor, and Zismar (Fl) have used this hypothesis to explain the
results of their studies of thin silicone films on water. They conclude that
the chains are able to coil and uncoil reversibly with changes in temperature,
and that the coils will contain six to seven - (CH3)2810 - units per turn.

This agrees with the unit of flov deduced from viscosity measurements (R1l, p.1l11-2).
They conclude that the compactness of the coils will be limited by steric hindrance,
8o that the methyl silicones will have the mbst compact chains. Their explanation
of the ease vith vhich the silicone chains coil is alsc on steric grounds. They
feel that the larger size of the Si atom compared to carbon facilitates the coil-
ing process.

Both these theories have been subjected to some criticism. Pauling has
pointed out that there is reason to doubt Roth and Harker's interpretation of
their x-ray diffraction studies mentioned above. He atates (P2):

"Roth and Harker carried out their calculations with use for the methyl
group of the x-ray scattering factor for the fluorine atom...It has been found
that the scattering factor for the carbon atom, as given by theoretical calcula-
tions, serves well for the carbon atom in the methyl group, except that a small
correction is needed at very small diffraction angles. The scattering factor far
the fluorine atom is between 1.5 and 2 times as great as that for the carbon atonm,
and it is accordingly not surprising that Roth and Harker were unable to get satis-

factory agreement between observed and calculated intenaities without making some



additional correction. The correction that they introduced was that of using
a temperature factor corresponding to an abnormally great libration of a methyl
group. This temperature factor cuts down the scattering factor for fluorine to
approximately the correct value for the carbon atom. In other vords, the elec-
tron distribution for a fluorine atom with a large temperature coefficient is
Just about correct for a methyl group with a normal temperature coefficient.....

"The foregoing statements would not, or course, be justified if Roth
and Harker had been required to assign an abnormal motion to the methyl group
only in the transverse directions, with a normal temperature goefricient in the
directions along the bonds. However, they themselves state (R3) 'Within the
limits of the available data, the correction could probably be represented as
a gspecific temperature factor applied to the CH3 groups, that is, exp ('BCH3
(sin 6&{ )2), but this would seem incorrect since it imrlies abnormally large
amplitudes for silicone methyl stretching vibrations.' Thus an isotropic
temperature coefficient correction for the fluorine scattering factors would,
according to Roth and Harker, agree with their data. This isotropic tempera-
ture correction multiplied into the fluorine scattering factor gives, however,
Just the correct scattering factor for the methyl group.......Roth and Earker
have not presented evidence to show that thers is an abnormally great librational
motion of the methyl groups relative to the siloxane nucleus in the pentasiloxane
molecule......"

When considering the Pauling hypothesis, it should first be pointed out
that the viscosities of the silicone oils vary not only with temperature but
also with the length of the chain (R1l, p.86). The Pauling hypothesis would
require that the temperature coefficient for the uncoiling process be of the
precise value necessary to reduce the effect of thermal agitation to that re-

quired by the experimental data. This would mean that this temperature coeffi-

cient would also have to vury in a regular fashion vith the length of the chain.



Such a situatlsa would be highly coincidental. TFurthermore, his hypothesis
apparently doss not offer a satisfactory explanation for the high molar volume.
Fauling states {P2): "The low intermolecular attraction is, I think, not due
to an abnormally large distance between the surface groups of the molecules.
If molecules are coiled into a globular shape, there will result a lover inter-
molecular attraction than if they have an extended shape."” However, the reported
values for the molar volumes seem high (R1, p.110-1) and are nearly the same for
both the linear polymers and for the cyclic compounds for which no coiling pro-
cess is apparent.

The explanation of the properties of the silicones in terms of their
structure is thus still in some doubt, and it is felt that the situation can
be at least partially clarified by the method about to be described.

C. The Application of Nuclear Magnetic Resonance Absorption.

The theory of this technique will be described in considerable detail in
the next section. Inasmuch as the method is relatively new, the discussion given
there has been written on the assumption that the material covered is totally
unfamiliar to the reader, and has been made as nearly self-contained as possible.
The remainder of this section will give only a very brief outline of the nature
of the phenomenon.

Nuclei which possess a magnetic moment will, when placed in a magnetic
field, go into one of several possible energy levels vhose separation depends
on the magnitude of the field and of the magnetic moment of the nucleus. Accord-
ing to the Bohr postulate there will be a certain frequency associated with the
energy difference between these levels, and an oscillating field of this frequency
irradiating these nuclei will cause them to undergo transitions between the pos-
sible energy states. In this process energy will be absorbed from the irradiat-
ing field, snd the characiz- »f the absorption curve as a function of frequency

is determined by the atomic configurationz n the sample. More important to this



research is the fact that the character of the absorption is extremely sensitive
g to translational or rotational motion of the nuclei im the ssmple. Rotation or
tunneling at frequencies far too lov to affect the specific heat of the material
causes pronounced changes in the width and shape of the absorption line.
The application of this technique to the problem of the silicones should
be apparent. If the type of motion postulated by Roth and Harker actually occurs,
it will certainly affect the nature of the absorption lines obtained from silicone

samples, The method is particularly valuable in conmnection with these materials

z9
b

because the protons of the methyl groups are the only nuclei {other- tnan S:

relative abundance 4.7%) vhich have nuclear magnetic moments otner than zero.

§




IZ. THT THBORY OF NUCLEAR MAGNETIC RESONANCE ABSORPTION AS
AS IT APPLIES TO THIS INVESTIGATIN

4. The M ~r s~-pi: Viewpoimt.
1. The ruc'ear magnetic dipole in a field - classi~al picture. (R2?)

et us c~nailsr the nucleus as & spherical, charged particrle. (laseical thecry

predicte that ery motiom of the electrical charge will g ve rise t~ a magnetic
fleld: ~herefcre (% is not unreasomable to assume that any magnetic properties
vhich & nucl2ue may have are due to circulation of the nuc:e=2r charges within
the nurleus “tself. We nov postulate that the mucleus : s 3pinning atout some
given axis. It will them have angular momentum, vhick we vill designate 7 ,
the magnitude and directiom of this vector demotimg the magnitude of the angular
momentum and the d.rectiom of the axis abowt vhich the 3. in >ccurs. This spin
and the circulsticn -f the charge of the particle will zive rise to a magnetic
field. 1l ~e ussume that the particle is a spherical shell «ith its mass -
and charge . istributed wniformly over the surface o' the shell this field
turns out to be identical with that produced by a smell bar magnet whose magnetic

moment ,~. , is given hy:

-2
e

(1-1) o= ;;‘2" ¢ = velocity of :ight

It is not surprisin" that the magaetic moments of actual nuclei do not
agree witl vhe predictions of this simple picture. However, the disagreement
is found 0 be only one of magnituie and possibly the sign of the constant relat-
ing .~ and T . e may therefore rewrite egwmation (i-1) as:

O T e n (P

o
21T Ea 0T ere fyavss
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In trese eautisnz. © represents the electronic or proton charge in e.s.u.,
o trs rratorn uass in grams, and 57 is a constant, sometines referrc:i to

8 t:e poromaerst L ratio, which muat\be determined empirically. We have alsoc
{atr 1 -mc woe oclear magneton//xA,. since nuclear magnetic moments are usually
expressed 1~ .nits of this quantity. Despite the fact that equation (1-2)
utilizes the nrot-n pass and charge it is valid for all nuclei, any dependence
of the masnetic monent on the mass and charge of other nuclei being incorporated
irto the facinr :4? .

—_
Tow 10 thia nuclear magnet be placeu in a magnetic field /7ﬁ , the field

-

will exert = tcrgue on the magnet,
—y —>

(1‘1"\ Z\_‘ jovey ”’7/ HO

This torque tends to pull the magnet into alignment with the field. However,
the fact *ht vne nucleus is spinning an additional irteraction which causes
the followins result, Newton's law of rotational motion states that the
rate of chanre »f angular momentunm

-

of a bo ZE is equal to the
wl /‘t 1 q

torque 2pplied. The angular momentum

of the nucleus is of course due to its

spin. Thus, from equations (1-2) and
(1-4&):

=]
[
2
4
»
N




= = - 7 4 T
- = = wome i R ¢
(1-5) Go=Li=Pe X = o) Tz
Rquation (1-5) is that of a vector F?; of constant magnitude precessing about
-
. L -—
an 8xis collinear with ™., with an angular velocity ... , given by:

N —
(1-6) Z)-::-./" 2

Y ’/ 2

—lp
W, 18 known as the larmor precession frequency.
The potential energy of this nuclear magnet in the presencs of the

magnatic field is expressed, except for an additive constant, by:
o 4
e =y M
1.7 ! —_— o bl -
(1-7) _/ //“ 2 /g ©

This is in agreement With our expectation that the energy of the nucleus will

be at a minimum when the nuclear magnet is aligned with the field and at a
ninimum when the nuclear magnet and the fisld are opposed. We have also learned
frome equation (1-5) that the torque produced by the field cn a nuclear magnet

—-y
gives rise only to a precession or‘;f around f{: , without any change in the

orientation (expressed by & | of /J' with reapect to - . Ve should therefore
expect the energy of the nucleus in the field to be determined by the orientation
wvhich it had at the instant the field was applied; in other words, all values

of ,/ from yia ’;} to ;/z ?/; should be equally prctable.

2. The restrictions of the gquantum theory. We have seen that, classically

there ie a continucus spectrum of energies which a nucleus could have in a
magnetic field. If this were true, there could be no resonance absorption. In
thie and the following section we shall point out the effect of quantum theory
on the results of the previous section, deferring the more detailed quantum treat-
mont to a later section.

According to quantux theory, the angular momentum of a particle is

restricted to certain definiie values, which are expressible in terms of the
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tuantity ‘# . Furthermors, the projection of F’on a specified exis is also
>

gquancizsd. We wilil s2lect as this axis the direction of the field Ho . The

maximum value of the component of ,'b" along /zZ is the quantity known as the

nuclear spin I} derined by:
(2-1)  (Buax = T4

I may have either integral or half-integral values and will have a single
characteristic vaiue for a particular nuclear species. The permitted values

for ﬁ, are given by:

(2-2) Py R m= T I3, T2 -, -Z+1,<L.

so that thers are 2L +1 possible values for FH . Because of the propor-
tionality of/Z'(" apd F +he possible values of/a” will also be restricted.

Combiuing =g.a*iors 2-2) and {1-2) we find that

:3-3'}/%, =J/40m

and from eguation (1-7)
\2-‘03 #»’:-—ro/qo”l (M:;fli”';—r)

Thus the quzrtum theory predicts the existence of discrete values of the
potential e-ergy of the nucleus in a magnetic fizld. These energy levels are

aqually spac=d, with a separation
5 ald= Y, = 940 Ao

3 Resonance Abs " "on. According to the Bohr postulate, transitions

betvween two s3%ates separatasd by ercrgy A[( will be accompanied by emission or
absorption of radiation at a frequency determined by the relation

]
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Classically we found tbat the energy spectrum was continuous. Under such
conditions, A[/ and W would also be continuous. Howvever, the quantum theory
predicts discrete energy levels, and therefore discrete values for AU .
These values are further limited by the selection rules governing transitions
between the energy levels é/;,' » which state that only transitions in which
ADm=zt]1 are permitted. Since the energy levels are equally spaced, A” ’
and hence & , will actually be res‘ricted to a single value. This 1s the
resonance condition. From equations (2-5) and {3-1) we ?ind that the resonance

frequency is

(3-2) o= 7 He

vwhich on comparison with equation (1-6) proves to be identifal with the Larmor
precession frequency.

The actual values of & are seen to depend on the external field /L/o ’
and on ? , & constant for the particular nuclear species under consideration.
In general, the field strengths attainable in the laboratory will not exceed
10,000 gauss, and the values of usually fall in the range from 0.5-6. The
resonance frequencies of most nuclei will thus lie in the region from one to
fifty megacycles, which is in the ordinary radiofrequency range. As a result
the techniques and equipment used to detect resonance absorption are usually
quite similar to those employed in commercial and amateur radio work.

4. The effect of a precessing magnetic field. We have found that a

nucleus in a magnetic field /Z;o , will undergo precession due to the combined

-
action of its own spin and the torque produced by the interaction of IL/Q and

the nuclear magnetic moment /7



7 Let us now apply a small
[
magnetic field ) » rotating with angular

frequency & in the plane perpendicular

to Z . The torque produced by ﬁ, ,
tends to tip the vector/ﬂ , a8 shown in
Figure 3. However, if & differs appreci-
ably from &), , the Larmor frequency, the
ralative orientation of /2_7," and & will

change vith time. When /q, has the orien-

A=-7F
tation /7, =-—/7,, the torque which it

exerts on/_(:(’ will be opposite to that which

it exerted previously. Thus the time average
->

4

£
Z.’/“‘ 4‘/7’7'7 effect of L, vill be zero.

Figure 3

If W= W, ,/Zf and ;17 will always retain the same relative orientation,
and the torque exerted by Z: will always act in the same direction. The
probability that it will tip /ZZ into a new orientation with respect to
will novw be appreciable. The new orientation will have to be one of those per-
mitted by the quantum conditions imposed on /a” so that the energy absorbed
or emitted when the transition takes place will fulfill the resonance conditions
discussed previously.

We have considered the small field /7 , as rotating about Z . This
is mot practicable experimentally. However, we can easily apply an alternating
magnetic field simply by placing the sample inside a solenoid through which a

current is passing. Let us assume that the axis of this coil lies along the

x-axis. The field produced by the coil will be.
He = H, cos wt

(4-1) K= 0
7=
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Hovever this can also be expressed as the sum of6 tvo fields
@ { ~ f
H, = zH cawt (He = H coswl

(+-2) ‘} //; = ‘ZL//l o ot "I //;z-é/'// s'h wt

‘.‘
/43‘ =0 | /-,3‘: o
Each of these two filelds rotates about the z-axis, but in opposite directions.
When W=, , one of these two fields will rotaste in the same direction as
and will be capable of iunducing transitioas. The other will rotate in the wrong
direction and will be ineffective, “nuz the oazillatiag field will produce a
rotating or circularly polarized field whose effective magnitude will be %/{1 y
but whose frequency of rotation will be the same as !ix frequency of oscillation

of the applied field.

5. A more detailed quantum-mechanical treatment. 1In our previous dis-

cussion we have made several assumptions concerring the quantum restrictions
on the classical description «° ‘he magne* ic propertiess of the nucleus. In
order to justify these assumpt inns and perticularly to derive the probabilities
of transitions between the energy levels, we must conslider the quantum-mechanical
description of our system.

The wave function 9('5) , which is an accurate representation of our

sy3tem must of course satisfy the time-dependent Schr8dinger equation
[ BV —_ 9 7’/.
-1y AW P =ik 1)

where W is the Ham:l-onian operator. Ve are considering oniy the energy

of intera~tion ~f the nu:lear magneti:c moment with an external magnetic field;
ve will assume tha: all olner faztors such as translational ensrgy or electronic
magnetic momer*: are absen', or sre such as to 8di only a constaxt term. In

this ~ase tl'=2 Har.ltonian operator .3 simplv:

e
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where

(5-3)/7=J/4°f

Z is the spin angular momentum vector operator which can be seen from
equation (1-2) to be related to the ordinary angular momentum operator by the
relation f-‘-f}ﬁ'

We shall assume that our magnetic field is composed of a strong constant
field o , and a small time-depsuisnt field in the plane perpendicular to the

strong field. Thus in Cartesian coordinates

(5-4) Hie) = H@7 + /7(1*)]‘ +Hk

Then, from equation (5-2)

(5) K (W)= - pe (KT +Hy Ty # Ty

where I X s I 7 , and :_Z?: are the spin operators for the components of the

total spin . Now let us briefly recall some of the properties of angular
T.-T=/T/)

momentum operators ( E -1), and consider first the operator I I =/ /

This operator will commute with each of the operators Ix , :IJ , and 1—3 R

although these operators will not commute with each other. It will thus be

possible to find a set of eigenfunctions ¢”, , which will be eigenfunctions of

both /f/‘ and le . Assuming these functions are knowvn, we may write:

JTIY, = T+, (T o infegral or balf-inteqral)

(5-6) 13 ¢ =m (/h (n=Z T4 ,-I)

Retuwrning to our original problem, we may treat this by perturbation
0
theory by separating our Hamiltonian into a time-independent part %‘ and

!
a time-dependent perturbation ?O/ , 80 that:

W'-f -9 a’%?
(5-71 H¥'= - o CHe x*H]I;">
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Since %‘ is independernt of time it will have a solution of the form
° —

(5-8) ?7[ f/{,, = Em %

vhere E,h is the energy of the various eigensvates of the system. From

equations (5-6), 5-7), and (5-8), we find:
(8-9) E)":—]/’o/%m (‘I~<h$f)

vhich agrees with equation /2-4}, “:iz»« are the energy levels for the un-
perturbed system with the set of eigenfunctions %,, which are independent of time
Under the influence of the small perturbing “i=z.4a, a nucleus which was
originally in one of the states represented by a particular %n. may undergo
transitions to some other state %,/ . The wave function F/ﬁ s which describes
the whole system may be expanded in terms of any complete set of eigenfunctions,
and for this purpose we shall ==lect the set %, for the unperturbed energy
levels, incorporating the time dependence into the coefficients of the individual
%., ’s . We will assume that ? {9 is normalized, as are the unperturbed eigen-

functioms., Since the latter functioms are also orthogonal, we have the relations:

L
(5-10) ?/2‘) = ,.,é[' Cn, @ %
*
(s-1) (% )= ot :
L »
(s-12) 2 G*G, =1
mz=-T
»
Thus the product C,, (,:, represents the probability that the nucleus will dbe
in the state M 231 time T . In order to evaluate the constants C:,‘ ve must

/
consider the effect of the pertwrbatiom W . Substituting equatiom (5-10) iato

(5-1) and using equations (5-7) and /5-8), we find:

oy TCE4+TQWL=HTTEY
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This may be reduced to a set of simultaneous equations by multiplying equation

(5-13) by each % in turn and using equation (5-11). Thus

(-8 €, By = gpo & G (% {//JHJJ J}éﬂjj_;#:’_@

l: and _7.:]_ individually do not have the functions 4,/,,, as eigenfunctions.

However, it can be shown that (E-1):

(T, +T) 4 = [T (z-m] %4,
(5-15) (j_;-z,f) %’ =[(I+m)(f—m+/2j/2§ﬁd

Therefore:

_fx = 2{[(1‘+m+/)(1'—-m)]é4e,+, + E(‘T'+Vn)(f~m+l]&%}
T, 4 = ——’L{[—(fm-w)(f- )])ééfml [(I'#-mfl'*m-ﬂ)]"ye%’-}

It is now p ible to evaluate the functions (4’ 7/ ) which become:

YY) =20 'L”J)[(f,wm)]"’/% fic)
% (U, + H[(TenXT-w o], )

Before using these relations which are required in the summation im equation

(5-16)

/

(5-1?)

(5-14), we must remember that the % 's are orthonormal. Thus there are
only two terms in the summation which do not vanish, those for which w :m’:tl .
We have thus justified the selection rule we previously stated, dm==]

Equation (5-14) now takes the form:
<% 5_61 %(H ‘H)[(I-'I‘MXT-M‘H)]
;Af’(:‘/x +iH Jg)f(umw)(r—m)j”aﬂ

%/x and // may be replaced by their equivalents from equation (4-2b), to yield:

(5-19) % é—g = Cwby
° H el = % _Lw‘t
B L) c e [eom it}

(5-18)
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Ve nov have a set of simultansous first order different ial squations
involving the coefficients Cm + 8ince we shall be comeernsd ouly vwith nuslei
vhose spin is 4, ve shall solve the oqutiou (5-19) omly for thies special case.
However, the solutions for I > % ocan be obtained from this case by ine method
of Majorana (M-1). When / = 4 , M can have only the values = % . Thus

ve will have only twvo equations:

i 3% - G Ey - ]&_ et C,,
(5-20) ;4 4C-4 ac. = Cy E.& _ 7% ’%e"“"tc%

These equations are l_inilar to those obtained by Ramsey (R-L). 7227 may be
solved by converting one or the other equation into a second orier d4ifferential
equation (difforontuﬁng once more with respect to time), which may te made a
function of only one of the ( 's by proper swhstitwtjoms from equatiorn (5-2C).
The resulting equation mey then be solved by standard methods and the solution
used to find the other C from the proper equatiom of (%5-20). when the arbitrary
comstants are evalusted in terms of the initial values of the costficients o (C/
and C&(O) (at £=O ), the fimal solutions are:

- e Sty
C* (t) z[(co: fat + ¢ co:@:m*&f) (}(g)-;,(a’mermﬁat‘)f.‘ e | g “ ~#
(>-21) Lz EeEy)

C:é (t) SF(;SI.GGSI‘R*Gt) C*(O) *(COS:ldt - iCO‘ef,'"ta,T/C‘fri!e . %

vhere y
0=~ Lol “w= Sl
(5-22)
- (7 RN 2,3 YR
cos@= == a = [l + ;ﬁ#]é

‘ We can mov show froz these equations that the probadilities are the
same for the tremsitions +3—>-4 and -5 —>+5 . Lot we asswme that initially
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the nucleus .3 .. the state +é ; 1.9.@5(0)‘—'1)(.*(0#0. Then after time 7 |,

the probat:l.ty “hat the nucleus will be found in the other state, - = , is

e

- *
slven Ly . - ; the probability that it is 8till in the state +;'§ is C% C.'é

: . < 2 s 2
== cos“4al +cos G sin dat

== sin?@sin® 50T

- -~

ant e T C,z =] , in agreement with equation (5-12).
An the n*ner -an>, if the nucleus is originally in the state — 5 , then

C-%(0) =1 , and we find after time T ,

L - w0 snE dat = C" C%

— -

{s-2L7 e

#
= C'osiz’m,l" r cos’@ r/n""?'a,fs lez (}é

«e snnl, T2fine the symbol C;(fz)_ as the probability that a

nucleus, ~r.z: 4’7 in the state +-5 , will after time I be found in the

gtate - . . au' define Cj;‘i_”,/z similarly. Then equations (5-23) and (5-24)
snow “ha
() o= Cposepp = C = 51n°6 sin*4al
Geplu:.r - - . = and & by the values given in equation (5-22),
2,2 M?
(s-00) Lo -—'E%g" - 252 sin? [(% “’) + f ‘A
w § 2 My -)+ 2221 ol ]

e can zee fromp *:s equation that the probability of a transition taking place
will be ve-y «m... .nless w = W, , confirming the resonant nature of the
abg. . on e T N,

Tne . .- -in-mechanical treatment has now Justified the assumptions
made 1rev. 3, "t has also shown that the transition probabilities are equal

far e ther o0 ;' . 1 or induced emission in the presence of a radiation field.
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In order to obtain & net absorption of energy there must always be an excess
of nuclei in the lower energy state. Such a situation can exist only if a
relaxation mechanism is available to remove the energy absorbed from the radia-
tion field.

6. Relaxation mechanisms. In the absence of a magnetic field, a sample

containing /Vé nuclei which have a magnetic moment will have these nuclei
distributed equally among the possible spin states. When a strong permanent
magnetic field is applied, each spin state will have a different energy due to
the coupling of the spin with the fisiu. The new equilibrium number of nuclei
for each state will now depend on the Boltzmann fact.: for that.state. For the

case of only two energy levels (I=:é'),

Noss (E-r —E AT
(1) = €

Nk My =N,

Before the field was applied, the tWo states had equal energy, so /V+f =AL %

In the presence of the field, this condition of equality would require that

the temperature of the spin system be infinite. The spin system must therefore
interact with the surrounding lattice in order to "cool down" to the temperature
of the lattice.

We have seen that a rotating or oscillating magnetic field at a nucleus
will produce transitions. Howsver, we have only considered an externally
applied field. It is also possible for fluctuating magnetic fields to be pro-
duced by the lattice, by thermal vibrations or rotations of the nuclei in the
sample, by Brownian motion in liquids, or by the components of electronic spins
or orbital moments 1f these are present. Such fields will produce transitioms,
the energy involved being exchanged between the nuclear spin system and the
thermal reservoir of the surrounding lattice. It 1s possible, in principle, to

calculate a transition probability for the interactions between the lattice and

F
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the spin system. However, these interactions are providing a thermal mechanism
to equalize the temperatures of the lattice and the spins, so it 1s appropriate
to weight the calculated probability with the Boltzmann factor of the final
state to which the transition takes place. Let us call the computed transition
probability L~/ . Then the total probability of transition is given by:
W/»}g-»—}é — We—E'Vz/kT'= We V.//%;m-

"/—}é-—-h‘-}fz = We~ E*&AT__: We '}’“"H’é/'-r

Now let us again comsider our =mmclear apin system in a magnetic field

(6-2)

At equilibrium, in the absence of the weak oscillating field, the number of

transitions "up" and "down" must be equal; thus:

63) Mg Wigsp =N Worp—+%

If the system is not in equilibrium, it will exchange energy with the lattice
in such a manner as to appros-h squilibrium. Let us call the excess number of

nuclei in the lower state ) , so that:

&%) =My —Mp

Then we express the approach of 7 to its equilibrium value by
gk
(6-5) 7t1 =2[My Weyss ~ Wip Wogste ]

the factor 2 being used because 77 changes by 2 for each transition. The

exponents in equation (6-2) are ordinarily very small, so the approximation
Y

€ =1+X will be extremely good in this case. Using this approximation and

flubstitut ing the equations (6-2) into (6-5), ve obtain:

(6-6) j’{f =2 Wn,-n
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vhere 1, = %fé— . Then the solution of this equation is:
—2W't
€n n=nf-e 2]

Thus we learn that equilibrium is established exponentially, with a characteristic

time,
= L
€8 /= 3y

known as the spin-lattice (thermal} rslaxation time.

Theroretical calewlations of 7{' and their correlation with experi-
mentally observed values have offered a new insight into the nature of the solid
state. The details of some of these studies may be found in references (B-2),
(B-3), and (W-1). For the purposes of this investigation it will suffice to
remember that relaxation mechanisms exist and that the efficiency of these
mechanisms as measured by the rslaxation time frequently sets a limit on the

possibility of detecting nuclear magnetic resonance absorption.

B. The Macroscopic Viewpoint.

1. General. Our previous discussion has been largely microscopic,
dealing with the individual nucleus and using the methods and results of quantum
mechanics. In actual fact we will be working experimentally with a macroscopic
sample containing many nuclei. Furthermore, the experimental technique involves
the detection of resonance absorption by its effect on the electrical character-
istics of a coil. We must, therefore, relate the quantum-mechanical resul is
obtained previously to the macroscopic experimental conditions, which are best
described in terms of classical magnetic theory and electronic circuit theory.

2. The Bloch equations. Let us consider that we have a sample containing

/\é nucle: per unit volume. We shall agsume that thermal equilibrium has been

established betwveen the nuclear magnetic dipoles and the lattice, in an external
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magnetic field, /7é . The sample will then have a resultant magnetic moment

per unit volume / ;o, glven by:
(2-1) M=2x ;o

where z; is the nuclear magnetic susceptibility per unit volume (Curie
susceptibility. The value of 7&: can be derived in terms of the quantities

/
used in part A (P-3). Por nuclei of spin I=‘§,

w0 o=

This static susceptibility of the nuclear magnetism is extremely small,
more than 1,000 times smaller than the ever-present diamagnetic susceptibility
due to the electron shells of the atoms. We shall see, however, that when
resonance absorption occurs, the susceptibility will be increased by several
orders of magnitude.

Let us now apply a radiation field which rotates about the permanent
field in the manner already discussed. The total applied magnetic field

will have the components

/éf\,:fHCos w‘f‘
/%% =a=ié? sin wT
/L/j" o

We have already seen that for a single particle of magnetic lonenf//Z? ’

(2-3)

the torque applied by the field can be expressed as
— -—
—lp
(2-&) L :’/L(X//

and, from equations (1-2) and (1-5), part A,

(2-5) fz(ff'l/—;*i]
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It is a fact that the guantum-mechanical expectation value for the time

derivative of an operator (1in this case 707) ) follows the classical equations

of motion. Therefore, we are allowed to carry the expression (2-5) over
—>

to the macroscopic case unchanged; and the magnetic polarization /17 , which

is the sum of all the individual moments, fits the equation
—p
o//‘f — =
— [~
—z - X
wn G = ]

This equation describes th- «ffast of the externally applied field
on the polarization. We must also consider other interactions, the first of
vwhich is that of spin-lattice relaxation. As pointel out above, this is an
interaction which affects the total energy of the spin system. Remembering
that the energy depend's only upon the component of the polarization in the

direction of the strong field (equation {1-7), part A), we may write for the

total energy,

(2-7) E‘; —/{7/74

wvhere /172 is the z-component of the polarization. At equilibrium, this has
the value /70=2'0//, (eﬁuation (2-1)). If at any time /{7 #/yo , it will
approach this value exponentially with the characteristic relaxation time 7/_ ’

as we have seen. Thus as a resuit of thermal perturbations alone,
M) M= /f?
(2-8) ( 7; ] ) - 7

the partial indicating that this is only ore of the interactions affecting M3 .

We must al:o corsider the factors other than the external field that
affect /%, and /Zf . Such factors can be classed as spin-spin interactions
and strong field inhomogeneity Is order to describe the effect of these

, factors, let us assume that at a particular instant in time all the nuclear

moments are line=d up 1n phase (parallel) as they precess about the strong field
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axis. If the field were psarfectly homogenszous and each spin could be considered
as independent of all ths others, all the aspins would precess at exactly the

same frequency, and /9& and /z% would have large comstant values. However,

if the field is somewhat inhomogeneous the ruzies! in diffarent parts of the

sample will have slightly differen‘ larmor frequencies and will precess at slightly
different rates. Farthermora, sa:h nuslear momernt produces its own small magnetic
field which will add to the strong field at the location of neighboring nuclei,
and this will havs the sam~ aAf!><" as 1ithomog:~2ity n the field. Finally, two
neighboring rnuclei which have the san. [armor freguency will each produce at

the other nucleus a preceasing fiald at the larmor . meacy which may cause

both nuclei to undergo a transition at the same tims, ieaving the total spin
energy unchanged. The final resul’ of all these effe2t3 14 to destroy the exist-
ing phase relationships betiween the varioug nuciear spins, while leaving the
total spin energy unchanged. Thue *hess procresses wiil have no effect on /%% ’
but they will affect /%; anda /?% . reduiing ~he latiter components o zero in
the absence of the rad:at.on finid. By ansiogy to the previously discussed
effect of spin-lattice interactions on /@27 , Bioch i{B-4) expresses the dis-
orienting effec* of spin-spin imtersctions and field i{nhomogeneity on /@&f and

/4, as an exponential decay relationship:

o -E G4

vhere the partials have the same signifi-ance as 1ir :2-8), and -Z; is the
characteristic time avsociated with the d:isorientation process.
Combining ~quation~ {2-6), (2-8), and 72-9), Bloch obtained the following
—
set of differential ej.ation3 for the components of /ﬁ7 (B-L1.

’/ﬁx g ,(- / A 7 Mx
Te = AELM -l |-

T
?{/fw — G4 i / _ o _ d
(2-10) = T 7 U’;/ﬁ Mk -

9
/,: v v 7 ﬂg - /1
114‘4 = ﬂ‘ L/ Ty /.{n //7 A/r] + ——7—;_-'9
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’ The solution of these eque2tiona which we will use & given by Pake {P-3). He

finds for a particular soluion:
a— - /’ ,
M= 3,0, Lolazsllticos ot) (5108
P T e AT,
(H, coswt) — Tglw-w)H simnwt)
- P 2
LT - )R + ) 42 ’772

452

="'7,on
(2-11) /7] RieTeE

4 -

1+ T2 (we-w*

:R’OH 2 o~y
”‘7 ? 1+7;_(LJ0"14J)2+ 2 02%2-1772_

>yt <

In these equations Y, 13 the Turis =, [-ptipii't: g@ ven in equation {2-2),

and w°(= izﬂ’//c) is the Larmor freguenty.

i 3. The complex suzceptibilisy W~ have w.oL:_;oA.ad 4 solution for the

components of tihs 1nduced magnetic polarizat ton, M . Bowever, we will be

more int<ragted im the magrneti1c susceptibiliz:, whith 15 the gquan%tity which

appears directly in the erpres: -ov rfor *r» ciectrical charscteristics of a coil.
it is advantageous f.r muny purposes 0 repressat the susceptibility

as a complex number.

The appiled radiation field, whicr 1e a<t.ally an ornillating field along the
x-axis of cur soordirete gys' ., may he represe-ted ag the real part of a

complex quantity-
. ’f ) ‘ ‘
(3-2) /7{( = //,em = /é'; ceswl 44 /{SM wl

Then the obs:zrvab.s mag «  '"8%inn will be *he rea, part of the complex product 1/4 H

-

33 M = Y (H coswt) v X (Hy sinwt)
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In Figure 4 we have piotted #  {the nuclear dispersion) and Z” (the nuclear
absorption) against the dimensjonless quantity a = Z—;/«)o-u)q 'I.‘b.o. absorption
curve illustrates quite clearly the resonant nature of the absorption phenomenon.
The half-width of the line (one-half the frequen:y separation between the points
at which the amplitude of 7" 15 one-half i1s maximum value) will be equal to
1/7:'2 , because at these points, 7;2¢)¢-~wﬁ= ]. Thus 72— is a measure of the

line width and, as can be sesn from equation (3-6), is also a determining factor

for the peak amplitude. . ru’. <. e shows thet the area under the curve
is a constant for a given ./, and ¢v. When spin-spin interactions are
small (in liquid or gaseous samples), 7; Wiii T« - rmined solely by the

magnetic field inhomugeneity, which then bscomes of considerable importance in
attaining good signal strengins or 1n presision datermisal’ons of resonance

frequen. 1es.

Now let us comsider “appere +hen % 1s no longer negligible.
This will be the case for lo-. .« sva o, ~i1ges | 7;)79 or fairly strong radia-
tion fields. Considera‘fon of ajuetiocrn. 3-hi shows that wvhen S becomes signi-

"

fisan', the maximum valuez n¢ ¥ an: A are decrsased. Furthermore, the
; >

¥ ith of the absorption zurve . . ‘a lacreased, since at one-half maximum
{73
intea8).3, (Na~w)— -:7.2
/‘73 vill also te de: sa. . when 5 is increased. If we substitute

for A, 1inr equation (-5 1ts vaius *rct sguetion {2-2), we find:

_ // /‘/» g, 7»/1__-/%
(3-7) /“77(«::&)0) - 774/17‘; ‘+5) = 77 b
vhere 7;: 7,(/ " 5) waa D= considered to define an effective spin temperature.
Thus the effect of toc-large radiation fisids or inefficient spin-lattice re-
laxation mechanisms {long / . 18 %o increase the temperature of the spin
system and reduce the availatle signal strength. Under these conditioms the

spin system is said to be satureting, and S will be the measure of the saturation.
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ff L. Comparison of the microscopic and macroscopic viewpoints: the

\ R power absorbed by the sample. We can now shov that the two approaches we have

0 taken lead to the same expression for the power absorbed by the sample from the
' radiation field. Pake (P-3) treats the absorption in a manner analogous to the
problem of hysteresis losses in a transformer, for which case the power absorbed

is
7= /A

(hr) =2 //7-#1
=0

wvhere the integral represents ths power absorbed per cycle of the radiation
field. Using the real parts of the complex field ari :omplex induced polariza-

tion (equation (3-3)), he evaluates this expression as:
e
/ p
(4-2) /O=§wa/9,/ X

vhere 2'” is given by equation (3-&), and W, replaces &) because it is only
in the region around <), that {  does mot vanish.
Turning again to the results of part A, we have found an expression

for the transition probability (equatiom (%5-30)),
B 2 <
| _ gl s E [l + TEH 1%
: b- L ~-k 452 R 2u2 HR ¥
; ( ‘3) z 4 [}Qu, WR + ?4£?2 ) -] 2

This expression is identical to that obtained by Bloembergen (B-2, p.25). By
considering that the absorption line shape can be described by a function ¢(v) R
such that the line shape is considerably broader than the frequency spectrum

of the applied riidiation field, Bloembergen vas able to derive an expression for

the power absorbed, which in our nomenclature becomes:

v P=t( JQ;_K)% Hon B

#f®
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vhere /| is the number of surplus nuclei in the lower state. Neglecting
saturation effects, ve may replace / Dby its equilibrium value /= 5 k/;' .
Making the further substitutions of NO:}%@ , and [, , equation (2-2),

ve vill obtain:
(b-5) P =L Hw, (3700 L)

This will be identical with equation (4-2) if we assﬁme that the shape function
has the form

] Y- I/ S—
(4-6) ¢(V) /4 g(un_w)z
which is the shape appropriate to a damped oscillator. Since this shape is
frequently encountered both theoretically and experimentally in magnetic re-
sonance absorption studies, we may feel justified in using it here. Thus wve
find that both the microscopic and macroscopic viewpoints lead to the same
expressions for the nuclear susceptibilities.

5. Detection of the absorption: the tuned circuit. We have finally

reached the point where we may begin to consider the magnetic resonance absorp-
tion in terms of the actual experimental conditions. We have a coil which forms
the inductive pﬁrt of a tuned circuit. The sample is placed in the coil, which
is situated Bo that its axis is at right angles to the direction of the field
of a permanent magnet. Let us assume that the circuit is tuned to electrical
resonance at all times as the frequency of the applied signal is swept through

the Larmor frequency &, . We may represent the circuit as shown in Figure 5.

HJ
-———Jr
2]

c
LE ".71.'1. ,Qs v Y
Yo

F.’j ure &
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In this circuit, IEP s 1s the equivalent shunt resistance of the tuned circuit,

and is composed of the actual resistance of the coil (exclusive of that produced

by nuclear magnetic resonance absorption), the resistance of the capacitor and

the associated wiring, and the equivalent pure resistive impedance of the

resonant circuit formed by Z/ and C . We will assume that the inductance
Z hag the value Z:o vhen all the contributions to it except that of the

nuclear susceptibilities are included. Then we may write:

(1) L =, (1+475%)

vhere 5 is the filling factor representing the fraction of the energy in
the coil that is _a_itually stored in the sample. Its value depends on the
homogeneity of /% and on the ratio of the volume of the sample to the total
volume enclosed by the coil, so it is always less than unity.

The admittance Y , of the resonant circuit is the reciprocal of the

impedance and is given by:

/ . Z
(s-2) Y = 7551“(”5‘ Y
/
G L
If we replace Z by its equivalent expression, equation (5-1), and make use

When the circuit is tuned to electrical resonance, a),, C =

of the fact that /47§¥/<<], ve may rewrite the admittance at electrical

resonance as:

V_ L
(5-3) /[ = 2 + WL,

We have already found that { vanishes except when &, Z W, , so vhen this

condition is not fulfilled the input admittance of the circuit is simply VR: o

When &, = (w, , ve must include the effect produced by A . In this cas

d 1 '] s
(5-b) = + ‘*"11) . LY.
y ( 5 wuz‘c g ‘J,Ia
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The imaginary part of the susceptibility, Z ! , produces a small change in the
/
’ input conductance, 6° = ‘é; , of the tuned circuit. Thus the experimental

problem simply involves the detection of a small increase in the conductance:

(55) 4G = -‘i}{—"-

The effect of 7(/ is to shift the resonant frequency slightly. It can be shown

that this shift is:

(5-6) 4V, = %1;4’ =RTEX'V,

K’=:£HT;Z?F' €/CAR§/$3C'

It is possible to detect either the effects =f Z' or 7" by the
proper choice of the experimental conditions. Let us assume that the circuit
of Figure 5 is supplied with a constant current I . The voltage developed

across the terminals a-6 will be:

(51 V= Z= I/?s(/“é'%-{%-&)

Y
or
5-8) V2V, [(1-17§PeX)-i 415X
fe!
vhere |/ =T K; , and (;o:: %_Zi . If the frequency of the applied current is

swvept through the Larmor frequency with the circuit maintained at electrical
resonance at all times, the voltage across the circuit will decrease slightly
at and around the Larmor frequency. In actual practice the strong magnetic
field is modulated with a low-frequency component which has a magnitude of a
few guass. This introduces a periodic variation in the Larmor frequency of the
nuclei. The voltage developed across the tuned circuit will vary periodically
as the larmor frequency is swept back and forth through the electrical resonant
frequency, and the voltage can be detected and amplified by ordinary electromic
3 methods. If the amplified voltage is then applied to the vertical plates of an
oscilloscope, the oscilloscope trace will reproduce the signal appearing across

the tuned circuit.
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Bquation (5-8) shows that around the resonance frequency V win

’ differ from Vo in amplitude by an amount proportional to X ! and will differ
in phase by an amount proportional to ;(’ . Bach effect is best studied
independently, so a way must be found to separate the two. One method frequently
used is that of a bridge circuit. The signal from the current source is fed
to both halves of the bridge, one containing the sample coil and the other con-
taining a dummy coil, all other components remaining the same. The voltages
developed the two tuned circuits are recombined before being amplified. The

phases and amplitudes of the two signals can then be adjusted so that the result-

ing signal is proportional to either ;{l or ;{” independently. Such methods
are described by Pake (P-3) and Bloembergen (B-2, B-3), and will not be considered
further here.

The method used in this research is that first developed by Pound and
Knight (P-5). In their radiofrequency spectrometer the sample is placed in
the coll of the tank circuit of an oscillator. The oscillation level is kept
very low and under this condition it becomes very sensitive to changes in the

conductance of the tank circuit. The frequency of the oscillator is varied by

TR T, T s e g S SO GRS R,

changing the capacitance of the tank circuit. The strong magnetic field is
modulated in the same manner as was previously mentioned, so the Larmor frequency
of the sample nuclei is swept back and forth through the electrical resonance
frequency of the oscillator. This yields a periodic variation of the oscillation
level, which under ordinary conditions is determined only by Z” .

6. The oscillator as a detector. The oscillator is now serving in a

dual capacity, as a power source for the radiation field and also as a detector
of nuclear magnetic resonance absorption. A fairly detailed treatment of its

operation is thus required, and for this treatment we will follow Watkins'
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analysis of the circuits (W-1)., The basic circuit of the oscillator is given

£y

below:

e e

- B8*

. R

N\

e
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Figure 6.

The operation of the oscillator can be described qualitatively as
follows. An oscillating voltage present at G will produce an oscillating
voltage across R Kk by controlling the current through the first half of the
oscillator tube. The voltage at A will be in phase with the applied voltage
at G, . Since the cathode is common to both halves of the tube, and G,
is kept at ground potential, the voltage at % vill also be in phase with G, ,
as shown by the waveforms. Thus the voltage fed back through ' will be in
phase vith the voltage already present at G, and will sustain the oscillations.
By proper adjustment of  and Rk , the feedback is made just sufficient to
maintain the oscillations at a very low level.

In order to give a quantitative description of the operation of this

circuit, it will first be necessary to transform it into its equivalent
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constant current generator circuit. This has been done im two steps,

Figure 7. R\,
Pz N r ‘-/:(F:%,,')",\r R
i= % VWA TP Yl
?T c L
cl & tL =
@ rP ’?L.§ RS - Axf @ G 7]
| S~
(a) (v)

L= f@) = the equivalent constant-current generator
for the second half of the oscillator tube.
)7, = the internal plate resistance of the second half

of the tube, a characteristic of the tube only.

’ R ,
. ot Ry G K ! r+R/

/Q s = the equivalent shunt resistance of the tuned circuit.
Figure 7.
Figure 7 (a) is the equivalent circuit of the oscillator as it appears from
@ . We have already pointed out that the current through the second half

of the tube will be determined by the potential ~~ , applied to G . It
is very difficult to determine an explicit relationship for . because of
the complicated nature of the circuit. We shall later assume that it may be
represented as a power series in

In Figure 7 (b), the equivalent circuit has been further simplified
by replacing the original current generator L by another generator 1,./ applied
directly across the tuned circuit. The relation between ¢ and i has then
besn determined by adjusting the value of ¢ 8o that it produces the same

current through the tuned circuit as that produced by { 1in Figure 7 (a).
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The differential equation for the oscillator circuit can now be
written in terms of the circuit of Figure 7(b). We will express this equation
in terms of the total current flowing out of the point /D , which must of course

be zero. Thus:

or

d o, L _ R _
(6-2) Cz—t""ri- G + I f/""(t ::L'—PL:J((M)-O
Now let us expand (= f(.) as & pover series in ~-.

(6-3) J((,‘,—) =anN * @2/7/'1 + a,3”3+ be o

and use the following substitutions to simplify equation (6-2):

’

(0) X= [wrdt @) 22—y,

Clr+R) =
0 07T (e)ca(rﬂ;f 3
(&) (¢~ w%):/«,
Equation (6-2) now becomes:
65 X% + Kx+wix-lx*-Kxt. ...=0

In the presence of resonance absorption by the sample, the shunt
conductance 6 = é:j , Will change. Since ve are modulating the field at a
low frequency, the variation in G will be periodic at the modulation fre-
quency. Let us assume that thie variation will be sinusoidal. For broad lines
and a modulation amplitude appreciably less than the line width this assumption

will be approximately correct. Then:

66) Gt =G +4G cos w,t
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AG will nov have not the value given by equation (5-5), but some smaller
value, actmlli one-half the peak-to-peak variation in G over one cycle of
the modulation frequency. Insertion of this result into equation (6-5) gives

us the final form for the differential equation:
o A . U ‘
61 X +K(1+ E,%C’o: wot)X + WX - KoX? = Kyxim..... = O

Watkins assumes that the solution will be of the form:
(6-8) X =[b+ a cos@,t- ¢)]cos wl

vhere é , %, and ¢ are constants to be evaluated in terms of the experimental
conditions. The actual solution of the equation and the svaluation of the
constants are quite tedious, so we will give only the final result, as determined
by Watkins. He finds that the solution (equation (6-8)) is not rigorously
correct but will be highly accurate approximation for the usual conditions of
small modulation amplitude and low oscillation levels. Therefore the voltage

across the tuned circuit, considering thgt w,,,/w,<<1 , can be written as:

(6-98) V=X= [é’:j + AE;7 cos (Wt —¢ﬂ sin @, T

(6-9b) where E:] —Wrb

(6-9¢) AE(}‘-‘ — Acesd 4

E
(6-94) f(‘-'-' fan-z gfo—“:,—”‘)

and Ap

d

We have simplified these expressions by including in the constant factors /4,
and /42 the values of the circuit elements and the coefficients from the power
series expansion for f Cv') y 8ince these terms are held constant at least during

the course of an experimental run.
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In‘the equations (6-9), Ej is one-half the peak radiofrequency

voltage across the tuned circuit when “)r , the electrical resonance
frequency, is unequal to ), , the Larmor frequency. It can be seen from
equation (6-9b) to be a function of the oscillator frequency, and can thus
be expected to vary as the oscillator frequency is swept through the Larmor
frequency. This effect can be at least partially compensated by a method
vh/i;ch will be described in Part III. We will assume for the present that

E j is constant over the range of frequencies within which resonance absorp-
tion takes place. For a particular run, the rf amplitude will be determined
by adjustment of the proper controls.

AEJ represents the amplitude of the modulation which is superimposed
on the rf amplitude by the presence of nuclear resonance absorption. It will
thus vary at the same frequency as the field modulation, and is proportional
to AEJ , as ve should expect. Equation (6-9c) shows that it is also affected
by any variations in EAj and }é . We have previously assumed that, exclud-
ing possible effects caused by resonance absorption, EAj will be constent,
and from equation (6-99)) ¢ will also be constant over the frequency range
covered by the absorption line. However, should E} vary appreciably as the
line is traversed, AEJ will no longer be a faithful reproduction of the line
shape as measured by AG . Such a situation is theoretically possible if the
absorption line being measured is particularly strong compared to the average
rf voltage E J

The angle ¢ represents a particularly important and interesting
phenomenon from the standpoint of experimental technique. It shows that the
amplitude modulation produced by the sample is not necessarily in phase with
the applied field modulation. In general there 1ls a phase lag, 0<¢ < 70‘,

A

vhich is determined by the oscillation level, EJ "(equations (6-9d and e).
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Thus the phase-sensitive detector (discussed in Part III), vhich must be
adjusted to the phase of the absorption-induced modulation, must be readjusted
for each nev set of experimental comnditions. Furthermore , any change in ¢
during the course of a run will produce distortion in the line shape both by
its effect on AEJ (equation (6-9c)) and its effect on the adjustment of the
phase-sensitive detector.

We may summarize the remainder of Watkins conclusions as follows.
The sensitivity of the oscillator as a detector of resonance absorption will
be decreased from its optimum value by high oscillation levels which reduce
the ratio of AEJ /AG (equation (6-9c)). On the other hand very low
oscillation levels will reduce AL) , resulting again in lowered semsitivity
(by decreasing Cos;f ) and in phase shifts which will distort the line shape.
Except for these extreme cases the sensitivity of the oscillator is quite good;
therefore the signal-to-noise ratio obtainable in this apparatus will be deter-

mined by the oscillator circuit alone.

C. Width and Fine Structure of the Absorption Line.

1. General. The width of the absorption line produced by an isolated
nucleus in a magnetic field is very small, being determined by the ratio /44%
vhich is usually less than 10'“. However, this natural width is usually
masked by other factors leading to line broadening. In the samples studied
in this investigation only two such sources are encountered under ordinary
conditions: field inhomogeneity and spin-spin interactions. The spin-spin
interactions predominate when they are present.

In the majority of solids, the nuclei are fixed in space, especially
at lov temperatures when the thermal energies are small. Under such condi-

tions the field produced at one nucleus by the magnetic moments of neighbor-
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ing nuclei will be maximized. These local fields will add to the externally
applied field, dispersing the total field by amounts which depend on the
nuclear configuration. The observed line shapes will thus be quite broad.
If the nuclei are in motion, the local fieldswill be reduced because they
will at least partially average out over a given period of time. The extreme
case of nuclear motion will of course be that for which the sample is a liquid
or a gas, in which the thermal motion of the molecules is very rapid and com-
pletely random. The line width obtained from such samples will be determined
solely by field inhomogeneity, all spin-spin interactions averaging out over
the period of one cycle of the applied radiation field. However, there is also
an intermediate case which normally occurs only in solids. Although transla-
tional motion is prohibited, there is the possibility that the nuclei may move
about a fixed point. Such motion includes rotation, of the whole molecule or
of a particular group about a bond, tunneling, or rotational oscillation. In
such cases, the local field will frequently be reduced from that expected for
a completely rigid configuration, but it will not necessarily average out to
zero. The observed line shape and width will then be intermediate between
that obtained from a rigid configuration and the narrow line obtained from
ligquids. It is interesting to note that the frequency of such motion need not
be very great to produce changes in the line shape. Bloembergen (B-2, B-3)
states that the line width will be affected by motion of a freguency v for
vhich /7v is of the same magnitude as the splitting of the energy levels which
is produced by spin-spin interactions. Since the splitting is usually of the
order of 10 to 20 guass at the most, the frequency of motion required to cause
changes in the line shape is usually less than 80 Kc.

The observed shape and width of the absorption line will depend on the
nuclear configuration. For the simple cases of two or three nuclei which are

relatively isolated froa the other magnetically active nuclei, the line shape
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may exhibit fine structure; and the fine structure may give considerable
information about the internuclear distances and orientations. However, more
complex arrangements of the nuclel vill not show fine structure. Furthermore,
the existence of fine structure may be masked by the comulative effect of more
distant nuclei. It is then necessary to resort to the quantity known as the
second moment in order to compare the experimentally observed lines with those
predicted by theory. The theoretical second moment can be rigorously calculated
from an expression derived by Van Vlieck, which will be presented in the next
section.

In this investigation we have been dealing primarily with the protons
in methyl groups, which form a triangular configuration. The remainder of
part C will be devoted to the derivation of the line shapes and second moments
to be expected from such a configuration, both for rigid crystalline lattices
and for configurations involving certain specific types of motior.

2. The second moment. The second moment of an absorption line is

defined as:

2 J/Evh*%)afaﬁdb

(2-1) (4vy) ===
__.[f(v)o/v

vhere V), is the resonant frequency (Larmor frequency) for the external

magnetic field, and Jﬁ@) is a shape function describing the line. The second
moment therefore represents a weighted average over the line shape.

The expression given above is that appropriate to the experinentai
technique of using a fixed magnetic field and a varying radiation frequency.
However, most published work on line shapes has been done using a fixed radio-
frequency and a varying magnetic field. Since the resonant frequency is
limearly proportional to the external field, the results obtained by one tech-
nique can easily be expressed in terms of the other through use of the rela-

Ho

tion V,= . The second moment is then expressed as:
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(2-2) / 2 H. ==
L FHIH

The second moment of an experimentally observed line can readily

be determined by graphical integration. The experimentally recorded curves
give the first derivative of the absorption line, in terms of which the secomd
moment -can be written (G-1):
s (anf e Wo-sr ftwdndh _“[“(Z-//.)?f’m)aw

W FOH)AHAH 3 °./,,,./4‘,) FimdH

The values to be reported here vwere computed by the use of Simpson's rule, and

vere determined separately over the two halves of the line as a check on the
accuracy of the results.

The experimental second moments can be checked against theoretically
computed values which are obtainable from a formula of Van Vleck (V-1).

His expression is:

(8H,)* =& T (T+) /\/"j/*af g(zmz@, -/)2,2,/76

/ 2 Zz_z; (ry +/)<7f (3cos*6 O —/)zgf"

(2-)

where:

(2-5) (av)*= &fz” (aH,)*

In these equatioms, I and j are the nuclear spin and gyromagnetic ratio
for the nucleil which are at resonance; l; and jf are the nuclear spin and
gyromagnetic ratio for other magnetically significant nuclei in the sample;
I; b and 962 , are the internuclear distance between nuclei o and & and the

angle between this internuclear direction and the external field. A/ is

the number of nuclei at resonance in the molecule or subgroup to which the

spin-spin interactions are considered to be confined. We are considering the
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protons in methyl groups, and as approximations we shall consider that there
is no interaction between protons of different groups or between protons and
other magnetically active nuclei in the sample. Thus we are considering an
isolated methyl group, for which f=/i? ,]s 5585, /\/-‘—'3, and M, = 45 049x10-24
erg/gauss. Equation (2-4) now becomes:
(2-6) (4H)* =297 = (3eos”e )¢
> , "/
vhere rc‘/- is now given in fngstrom units.
Equation (2-6) may now be used to calculate a theoretical second

moment for any assumed configuration of the methyl group. The amgle factor

- permits the determination of the molecular orientation in single crystals,

or it may be averaged for crystal powders., However, its chief importance in
this investigation is that it permits the determination of motion of the methyl
groups, such motion usually causing a decrease in the theoretical second moment
vhen the amgle factor is properly averaged over the motion.

3. Fine structure for a triangular configuration of nuclei - quantum-

mechanical treatment. The Hamiltonian operator for a system of three identical

nuclei is (A-1):

AU = =7, T -3 T,
(3-1) /é/——f«o//og,'fjo * EET 3T DA

vhere:
2,,°
(3-2) A‘J = ‘025%7’3 (3 cos? 3,,;/- 'I)

]:-7,' is the spin operator for the 7 -component of the ( th spin: —1_-: and _ij
are total spin operators; and 9“/ is the angle between ?‘; , the vector
connecting nuclei ¢ and / , and the externmal field /_‘7: , along the 7 -axis.
We may treat this problea by perturbation theory, conesidering the spin-spin

interaction term as a perturbation. The wave functions for the unperturbed
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energy levels will then be separable into products of three functions, each of
vhich is a function containing the variables for only one of the spins. For
nuclei of spin %, the J -component of the spin may have only two values. We
shall designate the two possible wave functions o((u) and (3{9 , where the follow-

ing operators rules apply.

fj’( (k) = & ot (k) fjk Gl =- 580
(3-3)  Txk =W =F @0 Tk @ =£xW
f(7[. (k) = %(j{k) fjk Bk =- byt (k)

The unperturbed energy levels are then found from:
o o ? 0 o
3w M4 =f«o/‘/o/(2fjk‘€, =&, %
=/

Therefore:

Q

(3-5) g:, =%°/%h1 m= ;4/ /.2/ -)é/ -}é
and the eigenfunctions are:

m= % #, = o()t((3)
(#:) = x()(?) 3 (3)

(4:), = B <)
), = GO «(2) x(3)

vith a similar set for me-j4andm=--%.

(3'6) nz }é

Application of the perturbation leads to the following matrix for

the elements (‘ﬁo: %ﬂ)fo).

w3 LY2(h,Asthes) O o o
o le(-Apthsthyy) k5 Aza /e A
(3T ey o BA2s  KlAa-Asthn) kA
O %Alg /4 Az /% ('4:: tAs-Az)
The matrix for m=-Y; and im=-% is identical. The perturbation energies are




pirion.,
1

R

e e e v

bk

obtained by solving the secular equation of the matrix; they are found to

be: ‘
E:)% = -2x
8, _
2k = O, X+(7} X-j
vhere:
= % (A2 Az thzs)
(3-9)

[?(’4)2 +A;3 +A23) A(Alﬁ/qla +/4/?A23 *A/’ Af?‘] /2

The wave functions 1// for the perturbed energy levels can also be evaluated,

and are expressed as:

P— é oot (2)ad (3)

(3-10) .4 ( ?) c/()oi(:) G+ I(, () fca)og) + Kgl Cll(A)(3)

J
where .
K. = (A/z "4'3,YA/3 ‘/423) 2/413 (E:{L)):e»
’j A//
/( , = (Af?‘AI?)(AR?"A,g) 2A/2(Em
(3-11) 77 Wy J
) ) R
/(3,'/, = (4/2 ""4/9);/7.‘ 4/423 (Eg-zg)j - 7‘(5‘(;)2)‘/
/
/1/ is a normalization factor determined from the fact that Z’ K‘ /| =l ;
]
and( mh) is given by the values of equation (3-8).
The trangition probabilities are proportional to/( ¢ [/f,,){.zwhere

I f I‘, Figure 8 illustrates the energy levels and the allowed transi-
tiona for this three-spin system, as determined from the relations given

above.
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This energy level diagram is identical with that given by Andrew

and Bersohn (A-l). We can see that the single resonance line expected for an

isolated nuclear spin will be split into a central line and three pairs of

subsidiary lines which will appear at frequency spacings from the central com-

ponent given by AV = AE/}, . The equivalent spacings in gauss for the fixed-

frequency-variable-field technique are given in Table 1, along with the nor-

malized transition probabilities for each pair of fine structure components.

C
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+
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Now let us assume that the triangle formed by the nuclei is equilateral,
as is the case for a methyl group. The internuclear distances QJ are then
identical. If we call this distance R , and make the further substitution
of/a.-.- Jf" (from the standard defimition o}«,/q,z ) and atsg)a/?'?, Ve may express

X and as:

X St [EJ-(W‘%‘) -] .
(3-12) ] :/a‘(ﬁigé"’,aﬁ): -4 (m’e,, m*qg $€0s’g,co5'G, t cos' 6y °°"9u> ’2(4‘2;&0’9:./') 4‘{]

For a given value of /Q , the values of X and J are seen to be functions
of the COS‘QJ only. For single crystals these angle functions will vary with
the orientation of the crystal in the field. For rigid groups in poly-
crystalline material they must be averaged over all possible orientations, and
for non-rigid groups they must be averaged over the motion.

4. The line shape and second moment for a rigid equilateral triangle.

We wish to determine the line shape and second moment for a rigid nuclear
configuration, both for a single crystal and for a polycrystalline material.
This may be done directly from equations (3-12) and (2-6) in terms of the

functions Cos'@‘;/' . However, it is convenient to use the single angle ¢

Z,

Figure 9.
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between the normal to the triangle plane and the strong frald , instead of the
three angles 6{/‘ . Let us choose a coordinate system ;(' >; 'Zt such that the
nuclear triangle lies in the X{X. plane with its center at the origin. The
normal to the triangle then lies along Zt . We will further choose the )1.
axis so that the strong field direction lies in the K—Z‘. plane. This is illus-
trated in Figure 9. The vector 7‘:,, extends from the origin to the nucleus k.
Its magnitude, in terms of the internuclear distance P 1s equal to R /3 .
If we consider that Z/: lies along the Z, -axis of a new coordinate
system X,’Z"ZJ , we may consider the transformation from the system Xt'Z"Zf
to the nev system as a rotation about the )(t axis through the angle 4” .
Let us call the unit vectors along the Xt ’ ); , and zt axes 071,/ ’ 07;2 ’
and ﬁi’3 , respectively. Similarly, 4/;, ’ &oa , and &07 are the unit
vectors along )/o ’ \/a , and Z, . Then the relations between the two sets

of unit vectors are expressed in terms of a-natrix [M] , Where:

/ © o
w-2) LM = | 0 cos# -sm¥
O sin¥ cos¥

and the matrix elements are determined by:

A

2
- _ A , _ 4 A
(h 2) ”Ok-— ;MI’/ Mt,e ) //k — Ok‘qu
The vectors l—'; have the form
-—> A A
-3 ;= (-X)a, *(J':f‘)”tz
where

- .
(hl) - X = Top dy, Jr Tok- Uy

In terms of the above relations, the functions Cesaj are expressed as:

e d My 0
(8-5) cosG,. = £ 93 = 5 BLNGdiy (71"7,’) sin ¥
J R = = +—5—
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Evaluation of the components 1/( from geometrical considerations in Figure 9
S leads to the following set of equations:
cos §p= -/ sin ¥ (sinl+77 cas&)
(8-6) cos Oy = sin ¥ sin & |
| cos Gy = & sin¥(sm ¥-73 cos{)

-

where ! 1s the angle giving she asimuth of ok about Y# . These my

20v be substituted in equation (3-12), im whdch case X and 7 reduce tos:
X:'/ao( (fe -2 50’250)

(4-7) .-,-/ao( %—zr/h"‘f -3:/):2‘/’-*_/7}2

Similarly, the expression defining the second moment (equation (2-6)) decomes:

2 . .
-8) (dHp) = %‘i—ia..?[‘;z:m”’- Fsin? ?-/-[] jaa:sz

Bquations (k-7) amd (4-8) show that tho. line shape and second moment for am
isolated nuclear triangle will vary markedly with the orientatiom of the
trisngle in a magnetic field. Thus studies of single crystals should lead
to the determimation of molecular orientations as well as the internuclear
distances, unless the fine structure of the absorption line is mesked by the
offects of intermolecular bdbroadeniag.

We shall de concerned with polyerystalline materials in which the
orientation of the crystal grains is distributed wmiformly over all directioms.

We must therefore average over (,// for each of the component lines and also

in the second momeat expression. The fraction of groups for vhich /’ lies
in the range AY 1 sin¥#d¥ or d(-cos#). Tor a single crystal line componeat
o AH , naviag probabdility F(‘/? (Tadle 1), the povder lime shape is given by:

- d(-cos¥)
- n9) FlaH) =p(¥) 774_"#)5—
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ID/ ‘ﬂ/ and cos¥ may be expressed in terms of AH through the use of equations
E . (4-7) and the last two columns of Table 1, and F/24) may then be evaluated
¢ for each component line. This has been done by Andrew and Bersohn (A-1), dut
the expressions they give are not in a convenient form. A slightly different
choice of substitutions leads to the following set of functioms.

(a) The component line at 4H{=O remains ;mchanged,

(b) The component line at AH= % gives:

oo =1 > oH >(2)%x
(v-10a) £ (8H) = 264 aHCTe 20" , & 3

=
b B = e, @< ad< (D

where

(4-11) (= [3 ({7/'92— EJXQ

The dual set of functions with different sets of limits results from the

fact that the single crystal line component has double values in the range
)
! (3) 2w tHeox

(¢) For the line component AH = __33;:
1) EleW)= Gl . T es
7 (4H) /?déﬁ" o(<AH<(————-4. ),(

vhere

(+-13) =E’(éﬂ)2+5(€(ﬁ)+4 /2
(b-14) @, = 1-6(§(ﬁ)+2{?

(d) For the line component A/ = 3X—f
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)=y 7% -3
‘ ’ 1R ¢ (2 fg .

where (. is given by equation (4-13), and:
16)  pr=1-6(4)-26

(e) The functions for the line components AH= "ﬂj s ——(3)(«/»:()/2 ,
- (3,(_3)/5“ , are obtained from the above results by replacing A// I::, -4
in the equations above. Each line component has a symmetrical counterpart
and the overall line shape is symmetrical about the unperturbed resonance point.
The overall line shape is obtained by taking the sum of all the compo-
nent lines. The actual spacings between the peaks of the component lines will
depend on the internuclear distance /? because of its effect on & . There-
fore it is convenient to plot «(F (OH) vs. ( %&) . We then obtain a "universal"

line shape which is valid for any value of R . This shape is shown in

Figure 10, “

+03

o F(AH)

to.1

-2 -/ [ +1 2

Yigure 10
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The second moment for a polycrystalline material is obtained by averag-

ing over the function of §V in brackets in equation (4-8). Thus:

r/o i‘v ere

- "
(k-17) L%Z m‘*é"—3:/n*4’+ﬂ — Z,Lﬂ'%:a'm‘”f’— 33//'!24)4‘_/]:/',19}0/‘)&:’ "/5

Substituting this result into equation (4-8) we obtain:
2 98712 2
(5-18) < LHS = QJP . (,5_) gauss

5. The effects of motion - general relationships. In the previous

section, we have considered that the nuclei are fixed in space. However, this
assumption may not be walid. We must now consider the effect of motion of the
nuclei, which will affect the functions cas’?@‘/. in equation (2-6) for the second
moment and equations (3-12) for X and g d In this section we shall derive

expressions for Ca.r’@f./.which may be used to introduce the effects of motions.

Zf
Z
£
" = (7)
:? %
/
)4

Figure 11.
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Let us consider Figure 11. Once again we choose the Z.t axis to be

3

along the normal to the triangle plane so that the nuclei lie in the )(t- }?.

plane with the center of the triangle at the origin. The directions of )(t

)
{
:

and ); in their plane will be determined later. However, (Y as before
is the angle between Yt and the vector 7%, . Z p 1s the axis about which
rotation takes place and may have any orientation with respect to Zt and 2°
(the external field direction).

The vectors ?‘J are determined by the same relations as before
(equations (k-3) and 4-4)), and eor@‘;j is given by:
7 iy

(5-1) cos 9»',,’ = _‘d_é_ﬁ_

where 4;;? is the unit vector along 20 . We must now find the relations
between the sets of unit vectors ;{; o and ﬁok . This will be done as be-
fore in terms of a matrix transformation, this time involving four sets of
transformations, as follows:

(a) A rotation through the angle o¢ about the space-fixed axis ?,
to dbring the axis X o (along the axis of the sample coil) to a new position

Xa' vhich is perpendicular to both ?o and ?r

(5-2)

coso( Sinol O-’

(5-3) Dﬂ‘ -Sine cosx Q

O C / / FfJure 2
X

(b) A rotation through the angle about axis Xa, to bring Z
70 ZA'
M=

“krage

¥
¢
¢

into coincidence with Z r e

7
SEENC N 5 d,,

“’h’ ] Y"‘
P A ~x
/?m, = dpp g / A
/’HFC 13
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O c¢osn sin n

0 —r/'hq cosn
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(c) Rotation through angle about the axis Z_ , to bring into
r

position X L perpendicular to both Zr and Zt o Z, z,
g - ¢ /|
- _ P ) - A , |
(5-6) 4y, 'g Ch)m Yem ) Ct:m = Upy Y L7
)4
cas@ Tin @ 0 @/\ n
(5-7) [C] = -:m@ cos@ 0 X AN
~ AN
v 0 1 /:"7“"0 14 Xb
(d) Rotation through angle & about XA to bring Z,, into coinci-
dence vith Zt . Thus )(t is the same as XA . Zn Z,
&

/ o o
(5-9) L'D]= O cos€ -sin€

O sine coS{J X, () F’j“"‘ s

%

The overall transformation 1s now obtained from equations (5-2),

(5-4), (5-6), and (5-8).

? 3
(5-10) a ZEPk o Epk = S5 3 Don Con By Al

AT mzy Izt ke

and the matrix [E]’[D][CJ[EJEA] . Thus:

cos o eu@ ~ Sinet 31n fces 1 !fn«ns( *«rd:/nf cesy

(5_.11)[57 - - con(ccunn@ [ L] eap cosn ~sine Cos o ,,’,’ 7

e (cormsinfosinwcosfeosn)  sing (:qu:fq(—(os-rcafcma
1 Feese sinorsing =S € casol sinp

Tine€ Sine ginn ea!e(cesaca:(c,,,’-g,},,,,',‘gj

Sin fs'/nvz
Cos ¢ [S-] ’,"7
tsine cosn

oS € cos n
-sine cos(s/n 1
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With the aid of the matrix and equation (4-3), equation (5-1) now becomes:

(5-12) cos 6, = —";«'—‘-11-253 # _({rr%{fﬁ)gﬂ

R

The factors ‘Yk and yk may be determined from equation (h-k) in terms of
the angle X , leading finally to the following set of equations.

cos = z,l-[(cosd-ﬁ sin ¥) 5in @ sin p = (sin ¥ +1Fcosd)ecos e cos@sin +.1'fﬂ€casq}
(5-13) 603923 = .ﬁn((cwc cos@ sin 1 rSIne co:q) - cos{ =in @ sin n

cos &, sg"{(cos {477 sm () :fn(?:/nq -(sind-73 Cos(XCOS e ‘e:€31h7 +7inecos q)}

Both the second moment expression and the equations for X and g
involve ¢ 032@;‘/’.. Therefore the effect of motion on these quantities is
determined by averaging ¢ 0:269- over the type of motion postulated. We shall
do this for several cases in the following section.

6. The effects of motion - specific cases.

Case I. We shall consider first the case of the nuclear triangle
rotating about some axis other than its normal. Such a situation could
occur for a molecule like CH331C13 rotating about any axis through its
center of mass. This corresponds to a rotation about the axis Zr in Figures
11 and 14, and thus means that the angle @ is a function of time. We there-
fore express (-? as (a’o rwl , and average the functions Co.f’e.:‘l' over I= 3,1' .
In taking this average we need only to know that c-;!_‘F‘: m g-’g, c-'_o—s? g ;\'-:.é- t-.-

—_—t
sin(icos( =0. Equations (5-13) then yield:

cos'e, = }L[‘ﬁ(/-co:’r,) - sin’e (/-3«,:’,1 X +2eos°() -2"7:/»(«:(::"1"0(/‘?«:’@

—_—t . ,
(6-1) cos?@,y = é[(/-co:’n) - rim®{zin%e (I-3<e.s'nﬂ

Eo—s;a; ¢ = J—[‘)‘ (/-cos?y) = sin?€ (/-3cc:’n)(l+2cb:’() +217 sinleost sin"¢ ﬁ-?c-‘!’@?
From equation (3-12)

3 t
XV« [?‘-':/(ras Q/) -J

(6-2) —2 —
(77““[7-2‘7((‘”991'7 -4 “!'4:?;'?5,: +fc—s;-6::°:_'0;: +c2?é:5=?e::)-2£r£"6;) *94
b<j J “j
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and we ohtatlr from equations ’é-1} and (6-2):

- s o) . N
)(i/m«(f =S Ve et =12

ey e

s, & . ’f,/, ’ ‘4"_ e o g i
(6-3) L7 f;/wuv (=7 et e e E /

J
From equation {2-r)
- S A o JT
(6-1) =< LH-.> = 2 (T eas™ G )
‘(j . [(' B
v

and this bercomesg:

R ) R P Y i, L]
(6-5) < AH.. > = == <, - (/: Jeco:Tng i T oy ut;"‘ ~Teinte -/-1/

o f4 UL

It should be remembered that in equations (6-3) and (6-5) h 1s the
angle between the axis of rotation and the direction of the external field,
and &€ 1is the angle between the axis of rotation and the normal to the nuclear
triangle. For any particular sample & will probably have only one value.
However, lf will vary with the orientation of the crystal in the field when
a single crysteal is studied. Thus the line shape obtained from a single
crystal will be highly anisotropic and in such cases both the molecular orien-
tation and the axis of rota*tion can be determined in the absence of excessive
intermolecular broadening.

If the sample is a crystalline powder the expected line shape can be
predicted by averagirg over all possible orientations of the angle W .

The line shape will then depep1 only on the angle ¢ and the internuclear

(:r
distance /7 . The lire chrre functions are determined ir a manner similar

to that used 'r =saction L, Tw.- -

(6-€) 7 (dpr = T



S BRI et

&=

%

Since & 1s a constant for a particular sample we shall define the functions
of ¢ 1in equations (6-3) as follows:

(3% cos®e - Vo) = £,
/2
(6-7) [8'7 e =Fsife + 1| =
| FsnE -TFsine +1 = £,

Then from the probability expressions in Table 1, and equations (6-3), (6-6),
and (6-7) the line shape functions and their limits become:

(a) The component for A4 =0 is unchanged.

(b) The component AAH = ;/ is

faH) = /se }.— )J[ 52(4/2] -

(6-8)
""Ezo( < A /L/ <€_2_ ol
(¢) For the component A4 = 2Ly .
_ / E, " -
(6-9) /5 @H) = ‘HE'(:?E,sz)ocﬁ: —é;][/—/:iEJEz)(%éQ]
-9
— @’E'_t_‘f_a)d - a4 < GE& +E;,;°(
(d) For the component AH = ? ,
R
(4H) = ]
F (4H) = 4-/’('35 52)[ ][ (35 = ( )
(6-10)

- (_?_é_"._‘c:?),( < LH < (?E,‘;E:e)o(

(o) The line components 4/ = —% R -Gx+j)/p , —(3’)(—‘7)/}“ , are
obtained by replacing 44 by ~4H in the equations above.

In general there will still be a central line and three pairs of
subsidiary lines. The line separations and probabilities will, however, vary
markedly with the angle & . There seems to be no vay of draving a "universal”
line shape vhich will be valid for all values of & . However, an experimemtally

determined curve can be fitted by trial and error methods by plotting the sum
of the functions F(AH), in equations (6-8) to (6-10) for different values of & .
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The second moment can be obtained for a crystalline powder by averaging
over the angle/in equation (6-5). Thus:

éplverc r .
6-11) (Jo - Focos™)” = )2 /(/k-?;co:'»,) sinp dy = S

and
(6-12) < A/-r'za) = 243(5)[8’ smte - Isinke +/] 7 u:: .

Curves showing the effect of € on the second moment are given in
FPigure 16. They are symmetrical about € =% as one might expect, there being
no physical difference betveen the amgle € and /'10-6). The minimum second
° !
moment occurs vhern & = 4/°47 . The double-valued nature of the second moment
function can cause some ambiguity in determinations of the angle & , but the

ambiguity should be resolvable from other evidence.

4 1 I S | 1 ] 1
0 " R0 3¢  40° So° 0" 100 Jo© 90
€
Pigure 16

Case II. A particularly interesting case is that of rotation about

the normal to the triangle. It corresponds to rotation of a methyl ‘group
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about the C-X bond, vhere X is the atom to which the methyl group is attached.
This is actually a special of the one just discussed, that for which&=0 .

From equations (6-3) and (6-5) we find that when £ O ,
(6-13) X= i = ot (/2 =Y cos™h)

(6-18) <gUl,*> = %?‘—X (k=% cos®n)

Furthermore, consideration of the probability expressions in Table 1 shows

that the line components AH=+ ‘% and:‘:@"'fi)},, vanish leaving only the central

-peak 4H=O, wish probability %, and a pair of lines at A#:t% , each with

probability £. For a single crystal the spacing between the central and side
peaks will vary with the angle ﬂ , the total range being given by:

o< ;7 < G0°
~Rot € + AN Ko<

The line shape and second moment for a crystalline powder can be

(6-15)

found from the previous case. From equations (6-7) we find that for €r 0 ,
E/-—‘EP=1. Thus the line shape is determined from equation (6-9). For the

component 44 = ?x“j/;a = ""/%«
)2
Faay) = = [1-(2)

(6-16)

The component AH:—:‘;/« is determined as usual by replacing 4H by -4H 1
this equation. The entire line shape is shown in Figure 17.

The second moment, as determined from equation (6-12), is:
2, _ 29 32
(6-17) < AHE > = -E-‘:(?—)

Comparison with equation (4-18) shows that the second moment is reduced by

a factor of 4 from that expected for a rigid configuration.
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324

o< F(GH)

St

.oxd-

0
24)
- &
Figure 17
Case III. We shall now consider the effect of rotation about 2,
and Zg simultaneocusly, corresponding to rotation of a methyl group about

the C-X dbond and simultaneous rotation of the whole molecule of which the

methyl group is a part.

t
Equations (6-1) give the functions Co:’Q-J- vhich have been averaged
over a rotation about ?,— . For motion about 21' ve must average these
functions over a rotation involving the angle ( . The expressions required

—_—t t t
2 . .
are <Os J*S/ﬂ; =)é , and J/n rcos (:o . Thus:

—_— b -——5—-
(6-18) cos?Q,, @ = cos’ 6 = cos ar = & (i-cos®n) = £sin % (1-FeosRy)

Then from equations (6-2)

- =y = 4 - % cosn (P coste - 2)
(6-19) X j/x(z | n
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and from equation (6-4&)

2 2
9
(6-20) < A//,e? = %’3(%"?/2 caszq,{&coxze‘—/?)

The usual anisotropy of a single crystal remains. The line shape and
second moment for a crystalline powder are determined as before by averaging
over /7 . Since X= g , the line shape consists only of the components at
AH=0 (probability = %) and at 4#=+4 ’;—:—3 =4 /%!- (probability = & each).

For the component AN =< 2x
-Y2
A _ L A//]
(6-21) F(4H) = 713 E [/ Es (E’) 5 -RxEy<lH < Egq
where
(6-22) E5 = (;é cos ¢ - J2)

The component A4 :'/‘34"' is obtained from equation (6-21) by replacing AH

by - AH; . The line shape will thus be similar in form to that in Figure 17.

A "universal” curve could be obtained by plotting o £y FC /-‘/J) vs. é% s -
The second moment can be obtained from equation (6-20) by aver;ging

()k -}kn?%)zover a sphere. This has been done in equation (6-11). Introduc-

ing this result, we obtain:
2 9
(6-23) <AH2> = = X/;-, z cos e—/)

Curves shoving the dependence of the second moment on € are given in Figure
18. When ¢ =Q the second moment is reduced by a factor of 4 from the rigid

lattice value. This is identical with the result of Case II, as it should be,

'ainco the physical situation corresponding to € = O is that there is rotation

only about the C-X bond. When €=90° the second moment is reduced by a



61

/0 .25
-.20
075 | 2
2 <AHa2>
<A4H>> :j—f—;z ,
' 415 2 rigid
Units
298
= (% 0.50}
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O.R5
-1.05’
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17 70° 20%  G0° 40° 50° &0° 0° {0‘ %n
€
Figure 18

factor of 16 from the rigid lattice value. Most interesting is the situation
whené’=5‘r‘°4“/-', one-half the tetrahedral angle. For this case, the second
moment vanishes, and the line shape swould be quite narrow, such as is normally
expected from liquid samples.

Case IV: The final case to be considered is that of rotational
oscillation of the methyl group. We will consider Z,, as the axis of
rotational oscillation in analogy to the previous cases, so we must now
replace@ by @cw‘l(:/'nw‘t' , where K is one-half the total angular amplitude
of oscillation. The functions 605’94.;/‘ must be averaged over time after
this substitution has been made. They may be expressed in terms of Bessels
functions through the use oi;r the relations

:7;(3) = —;-_/' co:ﬁr@-ywh@)«l@ n=Q | R
(6-2L) ©

o |
b _/s'/h(jsfn 8)de =O
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Each c'oszel: J‘ then takes the general forms
—————
(6-25) ca:’eg = /O;J' + Gy &, ) + ﬁj J, (9

where R J s Q‘J s and EJ are complicated functions of the other
angles of the system, (Y, €,hn , and{.

The energy parameters X and may now be determined by the
substitution of the relations (6-25) into equations (6-2), and the

final expressions are:
X _—_/ao([(fe -%cos*n X% cos?e -/2)
+ 34 { To03in 2y 5inDe co fo -T2 sinysine cos2go}]

g = el [( % - %cosn) (3% sin’e -3sine +1)
+ T2 sin*n (Ygsine cos?28, + cos?e) T, (2K
(6-26) + 7 sin®n cas’"&? sin”e {ﬁ/- I51h %) cos?(@ +R} T.)
+ Jasin 7"7 ¢ }ﬁ?cos",-)k) sine (Jeos?e +5) co:,?@o WNEL)
-+ é:fq n co:7 (%CQYQ7 -}k):/}z € coS¢ G{erirl 26‘-0 cas@, J;(k)

, /2
+ 9:/»2’7 cosy sin€cose 6?-}% snce cas.?(?,)cg; é>° J;@k)\lﬂd R

Unfortunately it does not seem to be possible to obtain general expressions
for the line shape components of a crystal powder. However, certain
qualitative conclusions may be drawn. For such a sample the single crystal
line components must be averaged over QZ, as well as P] » and this should
lead to a dispersion of each of the peaks of the rigid line shape shown
in Figure 10. Thus we may expect to find less evidence of fine structure
if the methyl groups are undergoing rotational oscillation,

The overall line width may be expected to decrease at the same time.
If the molecule containing the methyl group is rotating or tunneling about
some axis, the location of the maxima shown in Figure 10 will be displaced

toward the central peak. The amount of such displacement will depend on
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the angle & . For example, if € =90°, each peak will be displaced halfway

g o, e
.-
Y‘

kl
b
H
:
E*
g

from its rigid lattice position to the central peak. For the case of

e g

rotational oscillation we may thus assume that the maxima will be at some

e

intermediate values as well as being spread out as mentioned above. When
the effects of intermolecular broadening arc ilso considered, it seems
reasonable to assume that the experimentally determined line shape should
be a fairly smooth curve with some possibility of shoulders when the
amplitude of oscillation is small. Such curves are indicated qualitatively

in Figures 19(a) and (b).

o
o

Figure 19
If the methyl group should be rotating about its own axis simul-
taneously, the same general considerations should apply although the line

width will be considerably decreased and the possibility of observing

T S

fine structure will be very small.

The second moments to be expected for rotational oscillation are
determined by averaging @c over a circle and /] over a sphere in
each of the expressions ( Bcos""e,;d- —/)2 , and substituting the re-

' sulting expressions in ejuxtion (2-6). For rotational oscillation only

l ' - we obtain:
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27, . - ‘h e . .
oo B Foe S ) Ohice-S8 820 (i)
(6-27)
! o . s rdee
A and for siuulteneous sutation of the methyl group avout its own axiss
o z_. 29 R y ; %
E (6-28) <4hy >~ = -’ip.:-(%)[(%casﬂg-}é) +(3sin?e -Fsinte) LX)

s +% sine 7;26?/4) _]

The ratios of the scsond moment for rotatiora) oscillation to that

expected for a rigid mzthyl group have been piotted in Flgures 20 and

21 as a function of K,for several values of & .

b ab'Hné" el b 7 AT “K 7 7 Am

Figurs R0 : Reraronas Floupg R1t Roramonan Oscnsnrion
Ouscinarion Owsr. Pius Rorarion o Marn, Group.

7. COmpariso{x of theoretical and oxperimental line shapes. We

have previously assum:< that our nuclear triangle was isolated from all
other nuclear spins and was in a perfectly homogeneous field. 1In prac-
tice, field inhomogencity; and interactions between the triangular groups
impart a finite width t» each component line. We shall group all such
factors external to the triangular group into one broadening function
{ 5 ( H “He ) , Wwhere H " is an arbitrary field parameter, and //e
_— is defined by AH = Ho- H* /'/’ is the magnitude of the
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magnetic field at the center of the absorption line The resultant shape

function as a function of the field is thus (P-6):

o £ )= /g///,#/v\m/ ~H)d 4,

This relation holds for each of the components of the line which we have
derived above, and also for the overall shape function, since the latter
is simply the sum of the individual components.

The broadening function ol [ H- /%.-a ) cannot be computed directly.
However, it is usually assumed to have a gaussian form (P-7) which, though

not exact, is a fairly good approximation. Therefore:
-( H—H,)7 2
ey S(H-H)=e 7%

where @ is a parameter expressing the broadening contributions from all
sources., If we let Afl] /7/, and b= H-H¥* , and substitute equation

(7-2) into equation (7-1), we obtain:

0 L0 = S TR - £6)
- h

The expressions derived previously for the various j{ //I) are
such that the integration required in equation (7-3) cannot be done
analytically. We must therefore perform the integration numerically,
and ve will find it convenient to express the /CL-/ /'\) in a more general
form. This will be done only for cases I, II, and III of section 6.
The case of a rigid triangle will not be required because the only

compound which yields a line shape corresponding to a rigid configura-

tion is 1,1,1-trichloroethane, vhich has already been investigated

(e¢-2, G-3).
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Dr. J. C. Sternberg has shown (8-3) that each component line shape
}E(%) for each of the three cases of rotation to be considered can be
expressed in the same general form. Comparison of equatioms (6-3), (6-13),
and (6-19) reveals that the energy parameters X and 7 contain the factors
/ao( ( /2 - 3/2605""7> in all cases and may olso contain a factor which is
a function of £ alone. Since & is not a variable for a specific com-
pound, any function of & may be considered as a constant when deriving
the line shape functions. Accordingly we will define X and Z generally

= Auet (F2 - T cosy)
D) Bue (12~ F03)

For Case I, rotation about an arbitrary axis,

sy A= Focore-te B[zt -Guite+i]”
For Case 1I, rotation about the normal to the nuclear triangle,
a6 A= 5=/

For Case III, simultaneous rotation of both the above types,

(-1 A=%cos’e-/e =D

The probability expressions of Table 1 can also be expressed in terms
of /4 ana 5 only, and thus are constants for a particular & .

The general expressions for the probabilities are given in Table 2.
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Line component Normalized probability
hc =0 "’“ (/ +3 A%’)
h’=i% ’/6 (/,A/E)
'h;'*@”ff)/ﬁ“ P;::-?‘(/iL /’/B)
/’3 == (3x—])é"‘ £y = 7}‘(/-' A/B)
Table 2

The line shape functions F‘_ (4) are determined as before from

the equation,
(7-8) ( A ) f=% g(_(__ﬁ_'z_)
§ and can be shown to have the same gemeral form in every case, vhich is:
| (1-9) <~ (h) = £ :E"'PL'E?@.: (a;?;”-/.)_7 -

The factors (2, are functions of & . They are thus constants for a
particular sample, but their actual values are dirfferent for the different

line components. Their values are given in Table 3.

Line component . N
h’ = i“ y//u a’ - 8/2
hﬂ =4 (3X+J)/y?“ 622 - T i+ 317/4
h -+ G oy 4
Table 3.

The limits of ‘%4 must be specified for each component and are found
g to be the same for all. When the positive sign is taken for % in
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apect to the axis ;}é T, We ghal' . v line the merte

rair, so that equation (i 3) and the limits wiil ve:
/ (e —h \] -V S
sz _:FFLLJ“(L e A(} o
:7-10) _ i .
F f—'u ((( -—.;—')‘/ ;?CJ{" e h D
I? we now meke the substitut!ons X, = /o( X, = t/q, -

{7-10) takes the form:

<F = 5P {l (a4 )] #-[Facl or )
(1-11) :

Pa;, 2 M =a,
%

Ly ohtain.

We may now substitute this result tn, equation (7
. J((m) %F‘N&{{ ()& r)w/@}? i lar x,)] /f.(_ dr)
(7-12) (™ 2
-e & Xt)/{m [3a, (0:*‘*’9?]')3/)(2}

vhere /06' u . m).smzn mtm‘. Since the limits are the same
for bokm X, et Xp ve may replace them by the single varisble X .

€ we 'h“ ~ Mﬂﬁm l«)?i.""‘_?:zt_p . ve obtain:
e T, L2610

1) £

to be evaluated. This requires
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oo = . mdnm

) 2a .
o - r{: '7}";) & /[3’4 (a; +x)] % [ (ﬁﬁ()z/w "9 (&)]d(ﬁ)

o -
« ST

~<ag

_ ), 2 -*)2/4) o/w}/x
(72s) o/% - /Ca ik ﬁ - (% /(é'é) * ]/)

lv

Each term in “h~ i nsr integral may be reduced to the standard form

m
vhere K'=% u="£X , end yfa/(;r) . Therefore:

4 _ -
(7-11) “W..' - f/——éa a; +)()]'ﬁ (?@F)O/X

Substitution of this result in equation (7-13) vith some rearrangement

of terps l-ads to the final equation:

I +(»-)/. (%))
(119) (m)mf__(% /{ @) Gl 4 [(2;) 4 f(&)ﬁ/g

The equation Jjust o.:reined is particularly convenieat in that it

yis.as generel results that may be used tc determine the line shape

|
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expected for eny v: .- % -ae angle & . It is also in a form which is
convenient for p.amsr-cal integraiion oy the standard quadrature formulas.
The right-=znl 145 o2 squation (7-12" was evaluated for several combina-
tions o® “Xa, end @[m; on the Whirlwind I computer at the
Massachiastts Institnte of Technology Digite” Tomputer Laboratory. The
data ars givem ia Tabls 4. The values of % a; for values of %@"
other than those tsbulated directly can be obiained with some loss of
precisiop by direct interpolation or from plots of &/, f(h")//p‘; against
%a“; for the sela-tad values of %4‘;

The acwusl ccmpar isoun of experimental and theoretical line shapes
can be made witn either the absorption lines or their first derivatives.
We will compare the derivative curves for two reasons: the derivative
curves are more asnsitive to the effests of fine structure; also, the
exper imental resulie ar+ chra‘ned in the form of the first derivative
of the lins snape, and it is simpler to determine the derivative of the
theoret ical line shapes than to carry out the reverse procedure.

Thu Aerivative curves o f (/'H> have besn determined by the
method of Futledge (M-3), and have been plotted against “%( for com-

perison with the experimental curves. If we call the tabulated values

- o 4;3:.;64«)
of Table L f(— —_— , and let - = X, the use of
p‘, m
Rutledge's method enables us to determine g'—)( . The equations deter-

mining the normalized vaiues of the lins shaps function o ﬁ (m)

ve. &  are:

2¢ LEBpy
(1:00) o L lw)= .&lz—'-—f - Ta X

(3

4
and those determining tre :»>rivative function a(Jé/m) vs. % are:
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than the value pred:-tad for an isolated triangular group by an amount

which depends on @ . The increase in second moment can be expressed as:

< 2 2
(1-24) <dH2prp = <HFrueor +4 (0

This relation is particularly useful if there is no motion of the protoms,
or if any existing motion is already kmown to be of a certain type so that
the theoretical second moment can be precisely determined from the equa-
tions and curves of section 6. This is not likely to be the case, but the
number of possible choices for the theoretical second moment can usually

be limited to only a few. The amount of resolution of the fine structure
vill give some indication of the magnitude of the broadening factor and this
in itself may help to select the most likely value of the theoretical second
moment .

Direct estimates of the broadening may also be made from the experi-
mental line shape derivative curve. Sternberg (S-3) has shown that by
assuming that the central peak of the derivative curve is largely due to
the gaussian shape of the central component it is possible to obtain
three independent estimates of the magnitude of 6 , and that these
estimates will bracket the true value in many cases. Sternberg's first

relation is:
(7.25) @ :’.‘.—Jﬁ VWP

vhere M P is the spacing, in gauss, betveen the center of the line
and the peak of the derivative curve. The other two relations require
that the experimental line be normalized. However, the normalization
factor will have been deterrmined during the process of evaluation of the

second moment, since it is the denomimator of equation (2-3). In terms



of the normalized derirvstive curve, the broadening factor is also

approximated by:

2, /
(26 6 % f7re (3%,

(7-27) %~ |

e T
vhere (ﬂ( %(*")ma x 1s the peak height of the derivative curve, and
(’I?a/w’)h, o is the slope of the derivative curve at the center
of the line. In the results to be discussed in part IV, the broadening

factors have been estimated by at least two of the several methods

mentioned here.
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7
III. APPARATUS AND EXPERIMENTAL TECHNIQUE

A. Overall Operation of the Apparatus.

The block diagram of the radiofrequency spectrometer is shown in
Figure A, The sample, shown in its normal position in the maénetic field, is
connected to the R-F unit by a length of high-frequency coaxial cable. It
serves as the inductive part of the oscillator tamnk circuit, as discussed in
part II. The oscillator tuning capacitor is driven by a clock motor coupled
through a series of reduction gears, which thus varies the oscillator frequency

at a steady rate. The continuous variation of the oscillator frequency, in

conjunction with continuous recording of the output signal, hes some advarisiges over
the fixed-frequency, variable magnetic field technique. The magnetic field
may be produced by a permanent magnet, eliminating the problem of field regula-
tion; the detection of unknown resonances or the observation of resonance lines
of different nuclear species is facilitated; and point-by-point plotting of
line shapes 1s eliminated.

The magnetic field is modulated at 280cps. by a current from the
modulation unit passing through the modulation coil which is wound around one
of the pole pieces of the magnet. Any absorption in the sample thus produces
an amplitude modulation of the oscillation level at the coil. This modulated

radiofrequency current is amplified and detected, and the audiofrequency compo-

nent from the detector stage is further amplified before leaving the R-F unit.
When the absorption signal is strong, the output from the R-F unit may be
applied to the vertical plates of an oscilloscope, as showvn by the dashed line
in the block diagram, in which case the line shape will be pictured directly.
In most solids, the absorption line is broadened by spin-spin intex-
{. actions, and the resultant signal is too weak to be observed visually. In

such cases the output from the R-F unit is sent to the tuned amplifier in
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vhich only the 280cps component of the signal and a marrow range of noise
frequencies in the vicinity of 280cps are amplified. The signal is then sent
to the phase-sensitive detector which converts the signal to a DC voltage which
is proportional to the first derivative of the absorption line. After being
passed through a filter to reduce the noise further , the DC signal is fed
to a specially-adapted Brown recorder.

The modulation unit supplies all the 280cps outputs for the spectro-
meter. These include the modulation current for the magnet mentioned above,
the compensation current vhich serves to balance out any direct coupling be-
tween the modulation coil and the sample coil, and a reference voltage to the
rhase-sensitive detector which is required for the conversion of the applied
280cps signal to a DC output.

B. The R-F Unit.

The R-F unit originally was constru‘cted identical with that described
by Pound and Knight (P-5), and differed from the present circuit (Figure B)
primarily in having a second tuned circuit between the high-frequency amplifier
and the detector. This tuned circuit could be expected to reduce the anomt
of noise at the output of the R-F unit by narrowing the noise bandwidth. How-
ever, it was found that the difficulties involved in tracking this tumed
circuit with the oscillator frequency outweighed any advantages it might have,
especlally since most of the results to be obtained were expected to be broad
resonance lines for which the tuned 280cps amplifier would be used. Therefore
the tuned circuit was replaced with a second stage of broad-band amplificatiamm.
The oscillator circuit was later revised also to take advantage of the modifi-

cations made by Watkins (W-1). The final form of the circuit is given in

Figure B.
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The oscillator circuit has previously been discussed (part II, B). A
€BQT tube is used in rlaze of the 6J6 originally used for the oscillator tube
VI. It has proved to be less microphonic than the 6J6, but otherwise has the
same characteristics. The tuning capacitor is driven by a Telechron Model
762M220 lrpm motor which is reversible in direction. The revolution rate of
the tuning capacitor is reduced 8,000 times by three National Company reducing
gears in series, and the resultant rate of sweep of the oscillator frequency
is approximately 2.5Kc/sec each minute. The rate of sweep 1s not guite linear
with time, probably because a straight-line-capacity tuning capacitor is used.
Use of a straight-line-frequency capacitor therefore is recommended to give a
linear frequency scale for the recorded line shape. It should also be pointed
out that the mounting for reduction gears should be made as rigid as possible
and all couplings between motor, gears, and tuning condenser shaft should be
rigid rather than of the flexible type in order to insure that the rotation
of the motor shaft is transmitted to the condenser without whip or lag. The
coupling between the final reduction gear and the condenser shaft should also
be of insulating material such as Bakelite to minimize pickup of either the
modulation frequency or stray 60cps voltages. |

Certain points concerning the operation of the oscillator itself de-
gerve some further consideration beyond that given in part II, B. The decoupl-
ing resistance (controlled by switch S-1) reduces the loading effect of the
plate load on the tuned circuit of the oscillator. In principle the value of
this resistance should Just be esqual to the shunt resistance of the tuned
circuit (R’ in the earlier discussion). In practice, the largest value wvhich
will permit oscillations is selected. The plate load is compensated for loss
of gain at high frequen:ies by the Z-1 Ohmite choke, which has an inductance

of 5.% microhsnries.
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We previously pointed out that the noise figure of the apparatus will
' ordinarily te dekermiuvsi solely by the oscillator circuit. Hence, reduction of
noise in this cirsnit is of paramount importance. The use of a EBQT tube for
the oscillator was one result of such considerations. Other "tricks of the
trade”, vell known to electronics workers but usually unknown to chemists, are
vell worth mentioning. These include: (1) all ground connections in the
oscillator circuit are made to a common point on the chassis; (2) both filament
pins as vell as the pinas for plate 1 and grid 2 on the oscillator tube socket
are by-passed to ground through .0lmf capacitors to minimize the effect of stray
potentigle picked up by the associated wiring; (3) all leads are made as short
as possible; (4) the oscillator circuit, including the voltage regulator tube
3 V7, is shielded from the rest of the circuits in the R-F unit; and (5) the B“’,
filement, and feedback voltage leads between the oscillator section and the
rest of the unit are shielded. As a result, the noise figure of the oscillator
circuit compares favorably with those of others which have been cbserved by
the author, although a quantitative determination of the noiué figure has not
been made. At present, the noise seems largely to be determined by thermal
noise developed in the sample coil. This would seem to be the final limit in
attempting to reduce the noise level. However, some improvement might still
be made by the use of special low-noise deposited metal resistors instead of
the usual carbon type. The thermal noise level is decreased when the tempera-
ture of the sample and sample coil is lowered. At the same time the signal
strength is increased because the Boltzmann factor governing the difference -
in the populations of the spin energy levels is increased. The overall effect
on the observed signal-to-noise ratio is quite marked when the absorption

lines for a sample are compared at both room temperature and -196°C. It is

thus advantagsous to work &< temperatures as lov as possible when the tempera-

ture dependence of the lire width is unimportant.
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The voltage developed across the oscillator tuned circuit is amplified
by a broad-band r-f amplifier composed of V2 and V3. The 47 ohm resistor is
used to eliminate parasitic oscillatioms. The peaking coils reduce the effect
of stray capacitance at high frequencies, thus preventing loss of gain. The
r-f voltage is detected by V4, a GAKS tube connected as a diode, and the
audiofrequency signal is further anpliﬁed by V5 and V6.

The oscillation level, and thus the magnitude of the radiation field
in the sample coil, is controlled by both the Bias and the Level Adjust com-
trols. The Level Adjust control picks up & certain portion of the DC voltage
developed by the detector circuit, and feeds it back to the second grid of the
oscillator tube. The long (2 second) tine constant network formed by the 2.2
Megohm resistor and the 1.0 mf capacitor prevents the 280cps component produced
by absorption in the sample from being fed back to the oscillator circuit, so
the feedback voltage is responsive only to slow drifts in the oscillation
level resulting from changes in the filament voltage or changes in the tube
characteristics. 1In practice, the Bias control is set to allow the Level
Adjust control to cover the range of oscillation levels normally used, the
latter control being used to make the final adjustment. This arrangement is
used because changes in the Bias control cause much greater frequency shifts
than corresponding changes in the Level AdJjust control.

A vacuum-tube voltmeter is comnected at the meter terminals to momitor
the r-f level. The oscillation level usually was adjusted to give a meter
.reading of -0.15 to -0.3 volts, vhich corresponds to approximately 0.05 to 0.1
volts rms at the tuned circuit. While not necessarily the optimum voltage,
this usually gave good signal-to-noise ratios for the absorption lines studied
while avoiding saturation effects in all but a fev samples.

The plate voltage of 180 volts is supplied from a regulated power supply

(Model 2%, Lambda Electronics Corporatiom). The regulation circuit is similar
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in overall design to the ore employed in the tuned amplifier circuit to be
discussed. The output voltags is constant to less than =1 volt over the
course of an expar imental run., No 120cps ripple voltage could be detected,
but transient s:irges in the 117 volt line are sometimes passed through to the
R-F unit. These are of such short duration that their effect is negligible.

The voltage regulator tube V] is used to decouple the plate voltage
at the oscillator tube from the power supply and the other tubes in the unit,
as vell as to provide further stabilization of the oscillator plate voltage.

A good indication of the sensitivity of the oscillator circuit is given by the
fact that a 120cps ripple could be seen in the output from the R-F unit when
this vas fed directly to the oscilloscope, despite the regulation furnished by
both the power supply and V7. However, the effect was small and this ripple
voltage was easily removed by the tuned amplifier.

The fila.neﬂ;a are supplied from a storage battery. A charger is
floated across the battery terminals through a variable one ohm resistor,
vhich is adjusted to keep a 50-100 ma charging current through the battery.
The filamenis can thus be kept heated at all times with no drain on the
battery, and no warmup time is required before using the unit. No 60cps ripple
has been cbserved in the output from the R-F unit that could be attributed to
the charger. Both sides of the filament line are bypassed to ground by .01 mf
capacitors as they enter the chassis, A 200 ohm potentiometer is connected
acrosa the filaments with its center tap grounded. The position of the center
tap can be varied to minimize any 60cps pickup in the filament leads. However,
this has proved to be unnecessary in this particular unit as no 60cps component
can be clearly distinguished from the background noise and the 120cps ripple
mentioned above in the output from the R-F unit.

All .01 amd .00l mf capacitors in the R-F unit are of ceramic construwe-

tion, these having the advantage of low high-frequency loss as well as simall
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size. The coaxial cable connecting the sample coil and the oscillator 1is

’ RG-62/U cable vith the center comductor replaced by #22 solid copper wire.

C. The Tuned Amplifier and Phase-Sensitive Detector.

These two urits are incorporated into a single chassis. The present
form of the circuit (Figure C) is derived from a circuit designed by Mr. L. C.
Hedrick for Professor E. Bright Wilson's resscrzh group. The input signal
from the R-F unit is amplified by V101, a 6SJ7 connected as a triode, and is
then sent to the tuned amplifier, V102. This amplifier consists of a normal
resistance-coupled pentode amplifier circuit and a twin-T resistance-capaci-
tance network connected between the grid and plate of the amplifier tube.

The twin-T network has an impedance which is frequency sensitive, as
we can shov from the following coneiderations. In the network of Figure D-1,
each of the two single T networks of which the twin-T is composed can be con-
verted to an equivalent 7T network, which is equivalent in that it will give
the identical terminal currents and terminal voltages under identical extermal
conditions. The impedances Z@ and Z £ in which we are particularly interest-
ed are given in the figure in terms of the actual circuit elements from which

they are derived (for derivation, see C-1).
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In FPigure D-2, we can see that the impedance between points O.and C is repre-
Y mp . 2a 2« _
sented by the paralls: combination of Z, and Zg , soZ = Tme - U ZotZ=0

the impedance frow 4 to ¢ will be infinite; no signal will be transmitted
from c-£ to c-#A . This condition will be fulfilled if both the resistive

and reactive parts of zg and Ze , respectively, are equal in magnitude, or:

K+~ /

-1 (£+Ci
! Ezw’c;-%p& @G =

YA

These relations involve the applied frequemcy, «/ . Thus the values of the
components in the twin-T network can be selected so that one desired frequency
will be rejected by the network while all other frequencies will be transmitted.
Considering the whole circuit of the tuned amplifier, we can now see that the
twin-T network will provide c;ms iderable degenerative feedback from the plate
to the grid of V102, except at the rejection frequency of the network. As a
result this stage vwill amplify only the rejection frequency of the twin-T,
which is adjusted to be the same as the modulation frequency. Ii practice,
the components of the twin-T network ﬁere chosen to give a rejection frequency
as close as possible to the desired 280cps modulation frequency, and the modu-
lation oscillator (to be discussed later) was tumed to the actual rejection
frequency, which is approximately 260cps in this unit.

In addition to the high attenuation of the signal there is also pro-
duced by the twin-T network a phase shift which is a rapidly varying function
of frequency, for frequencies close to the rejection frequency. It is thus
very important to minimize thermal drifts in the twin-T network. This is
accomplished by using silver-mica capacitors and one watt carbon resistors in
the tvin-T network, the positive temperature coefficients of the capacitors
tending to offset the negative temperature coefficients of the carbon resistors.
The ;etvork also is mounted in § separate can vhich plugs into a standard

octal socket. This arrangement shields tue network from pickup voltages to
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which it is quite sensitive, and also provides for easy changes in the network
components in case the modulation frequency is changed. As a final precautionm,
the filament and plate voltages are left on at all times.

One othsr practical point is worth mentioning. It was found necessary
to shield the input and output socket pins to the shield can of the twin-T net-
work in addition to using shielded leads, to eliminate a severe source of pick-
up. This was accomplished by improvising a shield of heavy copper braid which
wvas soldered to the chassis as well as tlo the shield on the input and output
leads.

The overall operation of the tuned amplifier has been satisfactory.
There has been little drift in the rejection frequency, which has been checked
periodically. However, the bandpass characteristics could be improved. A
semi-quantitative check has indicated that the bandwidth between the points
at wvhich the output voltage is one-half its maximum is approximately 30cps.
This does not compare well with the circuit devised by Watkins which has a
bandpass of 8cps (W-1). The difference is due, at l'out in part, to the load-
ing effect of the plate load resistor of V102. The Watkins circuit is de-
signed to keep the twin-T unloaded, and in addition is arranged to ul;e the
bias on the tuned amplifier tube self-compensating for aging or changes in
the tube characteristics.

The output from the tuned amplifier is further amplified by V103, and
the signal is then applied both to the phase- inverter stage of the phase-
sensitive detestor and to a cathode-follower circuit employing V108, from
which the output is connected to the oscilloscope for monitoring and frequency
measurement (discussed in section G, below).

The phase-inverter stage V10k converts the input signal into two

signals vhich are identical in amplitude but 180° out of phase with respect
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to each other. In brief, its operation is as follows. The input signal,
{, applied to the first grid, produces a voltage at the first plate which is 180°

out of phase with respect to the input. The cathode, which is unbypassed and

AP

connected diractly to the cathode of the second half of the tube, will apply
a signal at the second cathode which is in phase with the voltage applied to
the first grid. Since the second grid is grounded, the voltage at the second
plate will also be in phase with the input voltage and therefore 180° out of
phase with respect to the voltage at the first plate. If the plate load
resistors for the two plates have the same resistance, the two voltages will
have practically the same amplitude, and the balance is improved by the degener-
ative effect of the cathode circuit.

| The two voltages from the phase-inverter are fed to the grids of the
phase-sensitive detector tubes, V105 and V106. At the same time, a synchro-
4 nizing voltage at the modulation frequency is fed to both suppressor grids
from a source in the modulation unit. The operation of the circuit is best
explained in terms of the diagrams in Figure E. In the absence of a signal
from the sample (Figure E-1), the plate current in each tube is controlled
by the synchronizing voltage. It can be seen that each tube is cut off during
alternate half-cycles but that the average plate current is the same for each
tube. This is accomplished by placing the suppressor grids at d-c ground
potential in the absence of the synchronizing voltage, and thus about 20 volts
negative with respect to the cathode voltages. This is sufficient to cut off
the plate currents except during the positive half-cycles of the syachronizing
voltage. The tubes therefore are being operated non-linearly, such operation
being essential if an output signal is to be obtained.

In Figure E-2 we sce the effect of a signal from the sample. The

modulation current sweeps tne applied magnetic field back and forth over a

portion of the line, caubing a periodic variation in the oscillation level
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across the sample coil which appears at the phase-sensitive detector as a pair
of alternating voltages applied to the grids of the tubes. If the synchro-
nizing voltage is adjusted so that it is exactly in phase with the signal
applied to *he grid of tube 1, it will then be 180° out of phase with the signal
applied to the other grid. The average plate current through tube 1 will be
increased while that through tube 2 will be decreased, as shown in the figure.
When the oscillator frequency corresponds to a point on the other side of the
resonance line the situation will be that illustrated in Figure E-3. The plate
current through tube 1 will be decreased and that through tube 2 will be in-
creased. We can also see from the figures that the signal applied to the grids
will be approximately proportional to the slope of the line at the center of
the range of fleld strengths covered by the modulation.

Figures E-4 and E-5 illustrate the effect of improper phasing of the
synchronizing voltage. The result of such maled justment is to meduce the
amplitude of the output signal. The phasing control for the synchronizing
voltage consists of a resistance-capacitance phase shiftdng network located in
the modulation unit. The phase variation is accomplished by adjusting the
setting the oscillator frequency so that it falls at or near one of the points
of maximum slope of the absorption line (a maximum point on the recorded
curve). The phasing control is then adjusted to give the maximum deflection
of the recorder. Further adjustment is not necessary thereafter, as long as
the oscillation level is not altered.

In the output from the phase-sensitive detector tubes is a fluctuating
direct current. It is filtered by the long time constant network, which also
integrates out noise. Switch S101 permits a selection of time constants from
.25 to 15 seconds. Longer time constants provide better filtering of noise;

hovever the response of the system to changes in the input signal is sloved
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proportionately. Thus the time constant used for a particular run must be less
than the length of time required to sweep through the absorption line dy a
factor of at least five.

The final stage V107 is a d-c amplifier which supplies the current
required to drive the recorder. The commections to the recorder are also
shown in Figure C. The slide wire potential is supplied from the cathode
circuit of V107, eliminating both the battery supply and the automatic balanc-
ing circuit in the recorder itself. The recorder operate:s ss a null point
indicator. Any voltage difference between the two input terminals is amplified
and used to drive the motor which moves the center tap on the slide-wire.
Since the center tap is the common ground connection for both the cathode cir-
cuits of V107, which are connected to the ends of the slide wire, any change
in the position of the center tap will increase the resistance of one cathode
circuit at the expense of the other. When the connections to the recorder are
properly made the motion of the center tap will be in such a direction as to
decrease the voltage difference between the input terminals. When the recorder
is at balance (zero potential across the input) it may be unbalanced by either
of two means, a change in the potentials at the two grids of V107 or a change
in the Recorder Balance control, which is a variable resistance in one of the
cathode circuits. The Recorder Balance control is used to bring the recorder
pen to midscale when the grids of V107 are temporarily tied together. Then
the grids are unshorted and the Detector Balance control is used to return the
pen to midscale, thus balancing the phase-sensitive detector tubes against
each other in the absence of a signal.

The tubes V109, V110, V111, and V112 and their associated companents
form an electronically regulated power supply. The principle of operation is

as follows. Let us assume that a certain potential exists between the cathode
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of V109 (B*) and ground. If this potential increases for any reason, the

potential applied to the grid of V110 will increase because of the increased
potential at the center tap of the 100K potentiometer. The cathode of V110
is kept at a constant potential of 150 volts by the voltage regulator tube
V1ll. Therefore an increase in the grid voltage will allow the plate \.current
of V110 to increase. This current must pass through the 1.2 Meg resistor which
is comnected between the plate of V110 and the output of the power supply
filter, and 1t will therefore increase the potential across this resistor.
The end result is to decrease the grid voltage of tubs V109 and increase the
voltage drop across this tube, compensating for the original increase im the
Bt voltage. The Bt voltage is adjusted initially by the setting of the 100K
potentiometer.

From the nature of the diagrams of Figure E, it can be seen that the
phase-sensitive detector could also be designed to feed the signal in phase
to beth detector tubes and the synchronizing voltage 180° out of phase to the
tubes. In principle, either arrangement would be equally satisfactory. In
practice, the present arrangement has proved to be superior. The original
circuit, which was constructed to feed the synchronizing voltage out of phase
to the detector tubes, showed a marked dependence of the recorder balance point
on the phasing control of the synchronizing voltage. This was found to be
caused by failure of the phase-inverting stage, located under these conditioms
in the synchronizing voltage circuits, to give a balanced output for all posi-
tions of the phasing control. Furthersiore, any unbalance in the two voltages
fed to the suppressor grids of the detector tubes wvas increased in the detector
tubes themselves. This is probably due to the tube characteristics because mo
tolerances are specified in the comstruction of the suppressor grids of most
pentod tubes whereas the other tube elements are rigidly controlled in manu-

facture. The latter consideration has not been significant in the present
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eircuit, vhich is dased on that of Watkims (W-1), where the suppressor grids
are driven in phase. Any existing differemces im the two tubes are partially
compensated by the common cathode resistor and the remainder ie removed dy the
sdjustment of the Detector Balance cemtrol.

It has Deen suggested that this c¢irocuit might be improved by using
transformer phase-inversion and transformer coupling of tie synchronizing
voltage with diode detector tubes, in an arrangement vhlcl: superficially
resembles the disoriminator circuit of a frequensy modulat ‘o receiver. Such
a system might have the very definite advantage of simplicity of the circuit
and bdalancing arrangements, although the overall gain of the apparatus would
be reduced. The decrease in gain would be of mo importence, since the avail-
able gain of the existing apparatus is several hundred times that needed for
the sigaals thus far detected. The ouly possible drawback to a transformer-
coupled system would be the cost of the sransformers a: compared to the cost
of the components in the existing system.

In summary, it is felt that the preseat circuit for doth the tuned
amplifier and the phase-sensitive detector is satisfactory for the present
application of the equirspat to limne shape and line widtk measurements of
proton lines. TFor studies iavolving weak adsorpticn sigmale the bandpass
characteristics of the tuned amplifier should de hprov"od, vhile relaxation
time measurements would require a stepwise gain comtrol so that the setting

could de reproduced acourately. The details of such mod:fications can de fownd
in Watkins thesis (W-1).

D. The Modwatiom Uait.
The modulation wnit, Figure F, was origimally constructed according to

a circuit diagram obtained from Vatkias (V-2). The present circuit differs
in some details from the origimal desiga and these changes vill be mentioned
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as they appear in the following discussion. Watkins' published circuit (W-1)
differs considerably from that of Figure D, primarily in being designed for
both sine- and sgquare-wave modulation. The present circuit has no provision
for square-vave modulati'on,_ so its adaptability for such operation will be
discussed at the conelusiox; of the description of the existing circuits.

The 280cps oscillator circuit consists of tubes V201 and VR02. It is
a phage-shift oscillator of relatively standard design (see C-1, p. 509), and
its operation may be described qualitatively as follows. Assume that a
oscillatory signal is present at the control grid of V102. This will produce
a signal at the plate that is shifted in phase by 180°. 'This signal, applied
to the first grid of Vao2 will produce a aignal at the second plate of V202
that is in phase with the signal at the first grid because of the common
cathode arrangement for the two halves of the tube. Part of the signal from
the second plate of V202 is then fed back to the grid of V201 through the three
phase shift networks. Each of the networks produces a phase shift of 60°‘, 8o
the signal arriving at the grid is in phase with the signal which we assumed
wag present at the beginning, and will sustain the oscillations. The fre-
quency of the oscillator is determined by the phase-shifting network, being
inversely proportional to the product of the resistance and capacitance used
in a single stage of the network. The frequency can be varied slightly by the
Frequency Adjust control, the total variation being restricted to about 4Ocps
for stable operation, which is sufficient to permit tuning of the oacillator
frequency to the rejection frequency of the tuned amplifier.

The first half of V202 and the diode of V201 are used to provide
anplitude stabilization of the oscillator, an increase in amplitude of the
oscillations causing the diode to draw more current and increase the negative
bias on the grid of V20l. The oscillator circuit thws provides a nearly pure

sine-wave output at the second plate of V202, which is stabilized at about 13
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volts. The frequency siahiliit, is also quite gool, the same precautions being
taken here as in the tned amplifier circuit. Silver mica capacitors are used
and the pover is left on at all times. The tuning metwork is not mounted in
a shielded can, but this would seem to be advisable.

V203a is a phase-inverter stage providing two balanced outputs 180o
out of phase to drive the modulation power amplifier tubes in push-pull. The
10K resistors and .002mf capacitors in the grid circuits of the power tubes
were added to eliminate spurious oscillations in the power anmplification stage.

The power amplifier consists of V20L and V2C5. a pair of 6L6's operat-
ing in push-pull. They are theoretically capable of providing up to 20watts
of audio pover to drive the modulation coil. The usatie output is actually
considerably less, being limited by distortion of the output waveform at greater
than 50% settings of the Modulation Gain control. The usable power output
could probably be increased by better impedance matching between the modulation
coil and the output transformer. However, the operation has been satisfactory,
providing up to two gauss modulation of the magnetic field.

Part of the power output is fed to a phase-shifting network which
supplies the signal for the compensation amplifier, V206. The combination of
switches S201, S202, and the 1Meg potentiometer provides a full 360° of phase
shift. In conjunction with the Compensation Gain control, they provide for
completely variatle phase and amplitude of the compensation current which is
used to nullify any direct coupling between modulation coil and sample coil.
The compensation 1s necessary at higher modulation amplitudes because such
coupling causes serious zero drifts of the recorder trace during the course of
a run and may also distort the recorded line shape. T™he compensation coil is
wound around the outside of the Dewar flask and consists of approximately two

linear inches of @lose-wound #22 enameled copper wire in a single layer wind-

ing.
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The procedure for balancing ies straightforward, The modulation
amplitude is set at tns desired level with no compensation voltage applied.

The compensation gain is then set at an arbitrary level and the phasing con-
trols are adjustsd to give maximuﬁ deflection of the recorder pen in the direc-
tion opposite to the deflection caused by the modulation pickup alone. The
Compensation Gain control is finally readjustszd to give the original balance
reading orn the recorder. Unlike the phase sepsitive detector phasirg, the
compensation must be readjusted for each run. The sample co:l must be moved
to change samples, and minute differencea in the pos::ion of the coil change
the coupling between the sample coil and the modulation.

The phasing arrangement for the compensation circuit is one of the
least satisfactory parts of the circuit. The principle of deriving the signal
for the compensation stage from a point in the modulation circuit following
the Modulation Gain control is undoubtedly sound, as it keeps the compensation
current approximately proportional to the modulation current without adjustment
of the Compensation Gain. However, the present circuit arrangement with the
phasing network connected between the plates of the modulation power tubes puts
a gevere strain on the circuit components. At higher power levels the voltage
differential across S20)] is several hundred volts, and considerable trouble has
been experienced with breakdown of the switch, the .0lmf capacitor, and the 1M
potentiometer. The 51K resistor was added to reduce the current through the
potentiometer when it is nearly shorted, and has alleviated some of the diffi-
culty. However, the modulation current is still affected slightly by changes
in the switch positions or the setting of the potent:ometer. In addition,
there is the inconvenience of manipulating three different controls to obtain
the full 360o phase shift. It is therefore recommended that any future modifi-
cations of the modulatiorn uuit include the replacement of the present phasing

arrangement by a magnetic phase shifter which will provide a linear, continuous
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phase shift of 360° ir. one control, even though this might entail the addition
of another tube to trm =xistirg circuit. One such phase shifter is the Eclipse-
Pioneer AY242-58 iitosyn, manufactured by the Bendix Corporation (W-3).

V20T7a is another phase-inverter stage, similar to V203a. It 1s driven
by a signal from the output of the oscillator section and supplies the phase
shifting networks for both the phase sensitive detector symchronizer, V20T7b,
and a test source, V203b. The 1M potentiometer in the cathode circuit of
V207a provides about 160° of phase shift for the syn-hromizi .z voltzgs. The
Sync. Gain control gives a synchronizing output of ui to 50 volts at the plate
of V20Tb, the full output usually being used for the phase sensitive detector.

The phasing network which supplies the test circuit, V203b, is iden-
tical to that used in the compensation circuit, and the same considerations
apply. The switch S205 in the grid circuit of V203b allows the test output
to be attenuated in steps of about two, while S206 attenuates the output by
factors of 10. In the present apparatus, this circuit is not used except
when the absorption signal is observed visually, in which case it supplies
the horizontal sweep of the oscilloscope to give a sweep synchronous with the
nodulation field. For relaxation time measurements, this circuit supplies
the calibrator circuit which is discussed by Watkins (W-1)

‘he power supply (V208 and the associated filter circuit) is unregu-
lated, and has a capacitor-input filter. The lémf capacitor at the input of
the filter was added to increase the plate voltags of the modulation power
tubes and thereby increase the power output. The increased Bﬁ“voltage affected
the stability of the oscillator circuit, so the 6K resistor was introduced to
lower the oscillator plate voltage to its original value. Under the present
operating conditions, tha power supply arrangement is satisfactory. Should
the distortion in the rodulation output be corrected, allowing higher useful

modulation output, it is felt that the capacitor-inpu® filter will ®ot have
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the necessary voltage ctability. The total plate current of the modulation
tubes decreases as *i.» nudio pover output increases, so the B'*voltage of all
tubes will increa:e. This can cause a change in the oscillator frequency,
wnich has alreaiy been obrerved for settings of the Modulation Gain control
Just slightly above thé normel range of use.

We have already mentioned that Watkins circuit includes provision for
square-wave modulation. This is accomplished by taking the sine-wave output
from ihe oscillator and clipping the wave shape beforz gsendirz the signal to
the modulation amplifier stages. Square-wave modula‘ion has the advantage of
presenting the actual line shape rather than its first derivative on the
recorder trace. However it requires considerably higher modulation amplitudes,
greater than the overall line width in gauss, or 10-20 gauss. It also requires
& high quality output transformer in the modulation stage to pass all the
harmonics which give the square shape to the waveform. The present system is
unsuitable for square-wave modulation for two reasons. The output transformer
is not of the high quality required; and the modulation coil, which is wound
on one of the pole pieces, will not respond properly to a square-
vave signal unde~ any conditions. The coil would have to placed in the gap
vhere it would “e approximately an air-core coil in order to give the square
shape to the modulation field.

In general, the modulation unit seems to be the least satisfactory
part of the entire apparatus. Considerable troudble hag been encountered
periodically in its operation, and the maximum useful modulation field is
limited as we have mentioned. It has given satisfactory results for the
range of compounds studied in this investigation, bu* these have for the most
part given relatively narrov line shapes. It is felt that the general utility
of the apparatua could be improved by a better design of the modulation unit

and the modulation coil.
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X. The Magnet.
’ The present .;.zratur .tilizes an Alnico V permanent magnet, the Alnico

being supplisd on :-¢efinite loan by the Carballoy company. Each pole piece
consizta of seven discs of Alnico, each six inches in diemeter and one inch
thick, with a one inch drameter hole in the center. The pole caps are of soft
iron and are tapsred frow six inches to four =ud one-half inches in a length of
one and three-gquartsr inchese. The pole pieces are bolted to the magnet yoke by
a one-half inch bolt of stainleas steel which extends through the yoke and the
center holes of the Alnico discs and into the pole caps. The yoke is made of
L"x7" Armco iron ground f.at at the joints, and "he whole assembly &ppears as

shown in Figure G.
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Figure G
Thne most recent -he:k of the field strength gave 5,052 gause. How-
' ever, the field streng'h v&r 2s with temperature, as ruch as three gauss.

Since we will be concerned only with lins w'a%hs the actual value of the field
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is of little importance, but the field inhomogeneity is an important factor.

o

The best spot in the fi<.id was determined by trial and error, and was found
to give an inhowogzr2ity over tnc sample of less than 0.25 gauss. This is too
small to affect the lins shepers and second moments of ‘he observed samples, so
inhomogeneity Yhroadsning has been neglectsd in the c¢alculations of results.
Considerable 4ifficulty was experienced in obtaining the necessary
homogeneity of the magnetic field. The Alnico was magnetized at first by a
current in excess of 1200 amperes supplied by the cyclotrom geusrator at the
Nuclear Physics Laboratory. To protect the gemerator . tiae current was inter-
rupted after less than one second. When the proton line was first observed in
j a sample of water, the irhomogeneity was greater than two gauss over the area
of the sample. A discussion with Professor R. V. Pound of the Physics depart-
ment led to the conclusion that the originai magnetizing current had been left
on for too short a period to allow eddy currents in the Alnico to dile out.
There were also indicatioms that the pole faces were not parallel, so that
shimning of the pole pieces would be required. It was therefore necessary to
demagnetize the Alnico so that the magnet could be dismantled. It was also
decided to rewind the magnetizing coils so that a generator in the Department
of Chemistry could be used for any subsequent megnetizetions or demagnetiza-
tions, and to widen the gap from the original 3/4 inches to 1% inches in
order to accommodate a lowv-temperature thermostat.

The available generator was rated at 120 volts and 80 amperes. Even
with the use of a second generator for external excitation of the generator
field the maximum current that could be obtained from the generator under
overload vas about 120 amperes at 105 volts. The coils were wound to meet
these limits and to satisfy the requirement for Alnico V of an applied magnetiz-

1 ing force of at least 6,050 ampere-turns psr inch. Thus the coils were re-

quired to have a minimum of 50 turns per inw-h. The only wire available under
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the restrictions on the purchase of copper in force was #17 solid copper wire.

This can be close-wouw.l <o give about 18 turns per linsar inch in a single
layer, so a tripla-lsyer coil was required. However, it was necessary in
practice to wiw! zigh% such c0ils and connect them in parallel to reduce the
total resistance sufficiently to use the full current output of the generator
Coil forms were made of brass sheet and were conmstruct=d to fit as snugly as
possible over the pole pieces of the magnet. The coils were then wound on the
forms and consist of eight individual three layer coils close-wound on top of
each other and :connected in parallel. The two sets of coils were connected in
s«ries during the magnetization process, and the -urrent was applied for a
sufficient time for it *o reach a steady value. During the magnetization pro-
cess a set of thin iron plates were placed in the air gap of the magnet to re-
duce the reluctance of the magnetic circuit, thin sheets being superior to a
solid iron block because of the ease of removal from the magnetic field after
magnetization.

The pole faces were adjusted for parallelism hefore the second magneti-
zation. This was done by trial and error, using copper shim stock between the
yoke and the pole pieces, and measuring the gap spacing at several points with
a set of Johanson blocks. By this method a difference in gap width between the
wvidest and narrowest points of 0.0007 inches was achieved. The final result
of this adjustment and proper magnetization procedure was the field strength
and inhomogeneity given above, which has proved satisfactory for line shape
and line width measurements.

For certain purposes such as "chemical shift" studies (M2)
or determination of raturael line widths in liquids the field inhomo-
geneity of the present magnet is unsatisfactory. It could best be im-
proved by extemsive remods. ing desigmed to improve dboth the parallelism of
the pole faces and the alignment of the pole pieces. The most important

changs would bte to mount the pole pieces against pimces A and B of
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flat along their entire lezgth, the parallelism of the ground faces will be
determined by the relative lengths of pieces C and D, which can be ground to
equal length with almost any accuracy desired. The parallelism of the pole
feces will then be determined by the accuracy of the grinding of the Alnico
discs and the turning of the pole caps. The alignment of the pole pieces can
be facilitated by drilling oversized holes for the stainless steel bolts so that
the pole pieces can be moved sideways relative to each other. Finai ad justment
of the parallelism of the pole faces can be done by shimming as before, by
rotation of the pole pileces relative to each other, or by a combination of the
two; and a tolerance of less than 0.0001 inches should be attainable without
excessive difficulty. Under such conditions, the field inhomogeneity should be
determined largely by inhomogeneity in the iron of the pole caps and this can

be cor:ected by hand polishing if lower inhomogeneity is required.

F. Gap Units and Low Temperature Arrangements.

The original gap unit, which was used for testing of the apparatus
and for a few room temperature measurements, was constructed in a manner identi-
cal to that of Watkins (W-1). A similar unit also is discussed and illustrated
in the article by Pound and Knight (P-5). Most of the results reported here
vere obtained with the low-temperature arrangement discussed below, so no further
description of the original gap unit will be given here,

The low temperature gap unit is shown in Figure H., The Dewar flask
wvas manufactured by the H. S. Martin company of Evanston, Illinois. An appro-
priate inner diameter of the stem could be obtained only by using a Pyrex test
tube instead of the stardard Pyrex tubing. The internal arrangement of the
sample coil and thermocouple leads is the final result of a series of trial
arrangements. The sample coil nuét be shielded from the coolant, except when

liquid nitrogen is used, since the other coolants either contained hydrogen
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(isopentane) or ware polar and would have adverse electrical sffects on the
coil. It was decided %o use a closed system for all low temperature measure-
mnts, and glass was chosen in preference to copper to avoid increasing the
coll-to-ground capacitance. Attempts to fix the sample coil rigidly to the
glass shield and to use a ground-glass Joint at the bottom of the tube for
replacement_of samples failed to give a leakproof system, so the present arrange-
ment was devised. The coil and thermocouple must be withdrawn from the tube in
order to change samples, but with careful handling this has h=en satisfactory.

The sample containers are of two types. The samples which are sensitive
to moisture have ﬁeen sealed into vials made of 6mm Pyrex tubing. Other samples
are placed in standard 1/8th dram vials. In the latter case the thermocouple
can be embedded in the sample; otherwise it is placed in contact with the glass
wall of the sample tube.

The thermocouple is made of chromel-alumel wire and is connected to a
Leeds and Northrup student potentiometer. The calibration table for the ther-
mocouple was taken from the literature (W-4), and was checked at both -196°C
and -80°C. Temperatures have been read to within one degree, although somewhat
better accuracy is possible from the potentiometer. However, there was always
some possibility of the existence of temperature differentials between the ther-
mocouple and the sample when these were not in direct contact, so it is felt
that readings of more precision than one degree are not significant. It should
be pointed out that under normal operating conditions the heat produced by the
current circulating in the coil is negligible. The coil has an inductance of
about 0.0k microhenries, and a d-c resistance of about 0.0l ohme. The current
through the coil is thus about 20 ma and the heat dissipated in the coil is
around four microwatts. This is certainly too small to cause any measurable

temperature rise in the coil or sample.
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G. Miscellaneous.

1. Frequen:? maasurement. The oscillator frequency is measured with a

Signal Corps BC-221-3 frequency meter which is coupled loosely to the plate of
the second r-f amplifisr, V-3 (E}gure B). This arrangement produces a strong
beat signal in the frequency meter output without disturbing the oscillator
frequency. A beat signal is also produced iv the r-f smplifier and fed through
the tuned amplifier to the monitor oscilloscope. This signal has little effect
on the phase-sensitive detector because it is strongly atta:v.ted in the tuned
amplifier stage except for the brief periods when it ras nearly the same fre-
quency as the modulation frequemncy. However it affords a second check on the
frequency and is especially useful when the oscill. .on lievel is low and the
beat signal in the frequency meter is weak. The instant of zero beat can be
observed either in the frequency meter out-ut or on the oscilloscope and the
recorder chart can be marked with the aid of a switch vhich momentarily comnects
one of the recorder input ierminals to growmd through a 100K resistor.

The precision of measurement of the absolute frequency is probably not
better than - 3Kc, because there is no provision made in the meter for calibra-
tion of the meter frequency against an absolute standard such as WWV. However,
frequency differences can be measured with the precision of the calibration of
the meter dial, which is -+ 400cps, corresponding to a difference of 0.1 gauss.
The actual precision is probably closer to -4+ 0.2 gauss because of other random
errors associated with the operation of bot! the frequency meter and the oscil-
lator unit.

The frequency meter was designed to operate from battery supplies for
both the filament and plate voltages. In the present arrangement the filaments
are supplied from the same storage battery that supplies the filaments of the

R-F unit, but the plate voltage is supplied by a small power supply consisting
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of a half-wave rectifier arnd a capacity-input filter. A-c operation of the
filaments was also tried, %uh proved unsatisfactory because of the large amount
of 60cps hum in the meter output.

2. QOscilloscope. The oscilloscope used for monitoring or direct
observation of narrow lines is a Heathkit Model 0-6. It has proved very satis-
factory for the purposes mentioned, especially considering its cost. However,
it is not equipped for photographing the trace. A simple arrangement of a
metal cone, blackened to avoid reflections, and an Argus C-3 camera equipped
with a portrait lens has given fairly good pictures of the oscilloscope trace.
However, it 1s guestionable whether a similar arrangement with a movie camera,

used to make direct measurements of relaxation times, would be satisfactory.

H. Summary.
The apparatus Jjust described was constructed to study the shapes and

widths of proton absorption lines in silicone polymers, and has proved satis-
factory for this purposes. There are, however, certain limitations to the
utility of the apparatus in its present form. It is not suitable for relaxatim
time studies either by the direct method or the saturation nethpd. This limi-
tation could be removed by th- addition of a calibrator wmit (W-1) or a suit-
able photographing arrangement such as was mentioned above.

Use of the apparatus for the study of electric quadrupole resonances
would be possible only after the addition of a high power aquare wave modulator
unit and special sets of sample and modulation coils. Designs for such units
can be found in Watkins' thesis (W-1).

We have already mentioned that the present arrangement of the modul-
ation coil, wound around one pole of the magnet, pute a definite limit on the
useful modulation amplitud«. In order to increase this limit, and also to make

possible the use of square-wave modulation, it would be necessary to vind new
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wodulation coils. It s=ems that the best arrangement would be to wind them as
Helmholtz coils accoriing to Watkins' specifications and tape or shellac them
against the pole faces of the magnet. Such coils could be wound with a thickness
less than the height of the shims on the pole faces, and therefore would not
decrease the space available for the Dewar flask. They would also cause less
pickup at the modulation frequency in the sampls coil and cable or in the R-F
unit. It should be pointed out that the problem of pickup increases as the
modulation frequency increases, so it is not as important wha- a modu:lation
frequency of 30cps is used,as is done by many other :nvestigators.

The final limitation is that imposed by the minimum oscillation level
of the oscillator. The saturation factor < (part I1I) is proportional to the
square of the radiation field /{ , and to the product 77’fé . To avoid
saturation effects %é must be decreased as 7TBZ; increases, which usually
happens as the temperature is reduced in a given sample. It has been observed
that water and certain organic liquids, 1,1,l1-trichloroethane, t-butyl chloride,
and benzene for example, have fairly long relaxation times, so long that satura-
tion effects could not be avoided with this apparatus. At low temperatures
these effects were so strong that signals from some solid organic compounds
could barely be distinguished from noise. Thus an important exper imental pro-
blem would be the design of an oscillator which could operate stably at very
low levels, while retaining the advantages of variable-frequency-fixed-field

operation.
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’ 1V. RESULTS AND DISCUSSION

A. Chronology
Our expressed purpose, as stated in the introduction, has been to

investigate the question of internal motion in organosiloxane polymers by
the application of the nuclear magnetic resonance absorption technique. Ve
hope to obtain evidence which will aid in determining which of the two theories,
the Roth-Harker "free-wheeling" theory or the Pauling-Zisman coiling hypothesis
best describes the behavior silicones. The materiais which have been investi-
gated in this research were chosen with this pufpose in mind. However, the
‘.] development of the problem has led to a choice of samples whose relation to
the problem is not always obvious; and it seems to the writer that a brief
discussion of this development is in order.
The first materials chosen for study were, obviously, silicone
rubber and, less obviously, hexamethylcyclotrisiloxane (cyclic trimer).
The latter compound was selected because it is a 80lid at room temperature,
it is easily purified, and especially because it is a cyclic compound and
therefore cannot coil according to the Pauling-Zisman hypothesis although
| it might still show restricted motion of the type postulated by Roth and
Harker.
Room temperature studies showed that silicone rubber has a narrow
liquid-like line indicating a consideradble amount of motion. Hewever,
natural rubber also has a narrow resonance line at room temperaturse, so this
fact by itself is of little significance. On the other hand, the cyclic
trimer has a bdbroad resonanceé line at room temperature with no evidence of
fine structure in the line shape. This result was unexpected and led to

1' the investigation of other cyclic dimethyl siloxanes.
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Upon completion of the low-temperature arrangements, the samples
of silicone rubber and the cyclic trimer, tetramer, and pentamer were investi-
gated at 77°K (-196°C). At this temperature all the samples yield practically
identical line shapes, broad smooth curves with no evidence of fine structure,
and nearly identical second momente. The second moments are about one-half
that expected for a rigid lattice, 8o we may conclude that some motion still
persists in these materials even at a temperature which ir at least 150 degrees
below the melting point, and as much as 260 degrees in the case of the cyclic
trimer. Gutowsky (G-1) found that rotation or tunneling of methyl groups in

such compounds as methyl and ethyl alcohol, the ethyl halides, acetone, methyl
chloroform, and acetonitrile, ceases at temperatures only 100 to 150 degrees

below their respective melting points. We thus have an indication of an
unusual modility of the protons in the organosiloxanes. However, the lack
of fine structure in the absorption lines makes a determination of the type
of motion uncertain.

The uncertainty of any conclusions based on second moment data
alone led to the next change in the scope of the investigation. A group
of organosilicon compounds were sought which would have structures simple
enough to yield good line shape information. It also seemed advisable to
investigate some compounds which did not contain 8i-0 bonds in order to
determine whether the siloxane linkage would show any significant effects
on the molecular motion. These requirements are fulfilled by the methyl-
chlorosilanes. Two other compounds, methoxytrichlorosilane and hexamethyldi-
siloxane, were aleo investigated as the simplest compounds containing
siloxane linkages which were or could be made available.

The results ottained from the abovementioned compounds will de

discussed below. The contributions of the chlorine nuclei and .129 to the
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second moments have been neglected. Their maximum contridution to the rigid
s lattice second moment would be around 0.1-0.2 ganuz. and would be consider-
ably less when the methyl group is in motion. In.the interpretation of line
shapes their contribution is included in the broadening factor 6 .

The arrows in the center of each derivative curve indicate the

modulation width used.

B. _The Monomethyl Compounds

1. 1,1,1-trichloroethane (methyl chlorofsrm) has been investigated
1 by Gutowsky and Pake (G-2,3-3). It has been repeated here as a check on the
apparatus and also as an illustration of the line shape to be expected from
a rigid methyl group. The line shape obtained in this investigation is shown
in Figure 1 superimposed on that obtained by Gutowsky. The comparison between
the two sets of data is particularly interesting because the apparatus used
was quite different in each case. Gutowsky and Pake used a bridge technique,
maintaining a fixed radiofrequency and varying the magnetic field, whereas
the present investigation involves the fixed-field variable-frequency tech-

nique developed by Pound.
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Figure Iz Line Shape Derivative Curve for
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Qualitatively the two derivative curves are quite similar. The
differences may be accounted for by two factors, the difference in the
temperatures of observation, and saturation of the sample in the results
obtained in this investigation. Saturation of the sample can be expected
to cause some broadening of the line as well as a decrease in amplitude.
Both effects were observed, the broadening being apparent from Figure I.
The decrease in signal strength made the experimental determination of the
line shape extremely difficult. When the oscillat:on level in the sample
coll was set at the same value as that used for the organosilicon compounds,
the signal was barely distinguishable from noise. Decreasing the oscillation
level to the lowest value obtainable from the apparatus improved the uensi-
tivity but never to a point comparable to that obtained from the silicon-
containing samples.

The ease with which the sample of methyl chloroform saturates
provides another example of the increased mobility .. the organosilicon
compounds. Saturation of the sample results, among other things, from
long relaxation times; and the relaxation process requires the existence
of fluctuating magnetic fields which are the result of vibration or rotation
of the atoms in the sample.

The effect of temperature is most noticeable in the central peak,
which is markedly broader at 77°K than at 90°I. Second moment data also
indicate the residual motion in the sample has been decreased by the drop
in temperature. If we assume that the methyl group has the same C-E dis-
tance as in methane (1.094 £, (E-1)) and tetrahedral angles, the proton-
proton distance will be 1.798, & = 3.69 gauss, and the intramolecular
second moment is 21.8 guu-lz. The interm>lecwa. contribution to the

second moment has been determined by Andrew from the line shape to be
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2.1 ganllz (A1), leading to a total second moment of 23.9 gaunlz. Gut owsky
obtained an experimental second moment of 18.7 ganlnz. which is significantly
less than the theoretical value. The second moment obtained from this investi-
gation at 77°K was 21.7 gaussz, which though still low is rapidly approaching
the value predicted for a rigid methyl group. We may thus assume that methyl
chloroform has an essentially rigid lattice at 77°K.

2. Rethyltrichlorosilane. The experimental derivative curve, shown
in Figure II, illustrates the effect on the line shape of restricted motion of
the methyl group. The line shape is compressed by a factor of two in the hori-
zontal direction, and the amplitude of the subsidiary peaks is markedly

decreased from that obtained for a rigid methyl group.

CH\? S¢ ({?
77°K

?h ¢ jauss)

Figure IIz Line Shape Derivative Curve for

Methyltrichlorosilane

The second moment of the experimental curve is 3.55 ganlnz. If we

assume as before that the methyl group has the same configuration as in
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methane, we find thst the second moment is only 0.163 time the computed
intramolecular value for a rigid methyl group, and is less than that pre-
dicted for rotation or tunneling of the methyl group about the 8i-C dond.
This still includes the contridbution from intermolecular broadening, which
must be subtracted. IEstimates of the broadening parameter by the use of
equations (7-25) to (7-27), Part II, place the value of @ between 1.0
and 1.4 gauss: thus from equation (7-24), Part II, the inrramolecular part
of the second moment should be 2.6-3.1 gaulsz. and <AH">2/<A/‘/2; rigid =
0.12-0.14. From Pigure 16, Part II, we find that this is consistent with
rotation of the molecule about an arbitrary axis with (< Dbetween 24 and
28 degrees, or between 5S4 and 57 degrees. Another possibility is obtained
from Figure 18, Part 1I, rotation of the methyl group about the $i-C bond
and simultaneous rotation of the molecule about an axis such that & 1is
between 24 and 27 degrees.

It should now be possible to compute theoretical line shapes and
their derivatives for the three possibilities just mentioned, for several
values of @/o( in the range 0.27-0.38; and by comparison with the experi-
mental derivative curve select the most likely values for & and Q as
well as choose between single and double rotation of the methyl group.
Considering the mass of information already obtained from the second moment
data and the line shape, it is singularly unfortunate that znone of the
possibilities mentioned yields a reasonable fit with the experimental curve.
In general, the theoretical curves calculated from the estimates made above,
deviate from the experimental curve in two ways. They do not exhidbit fine
structure to an appreciable extent or if the fine structure is noticeadle

the maxima of the side peaks occur much too close to the central maximum.
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Attempts to fit the calculated curves by varying the value of cX do not
yield any improvement without making drastic assumptions concerning the dond
distances and the valence angles of the methyl group. In one case an approxi-
mate agreement can be reached if we assume that X = 4.3 gauss. This would
require either that the C-H bond distance be shortened to 1.04% or that the
H-C-H bond angle be decreased to about 102 degrees or that both be adjusted
to some intermediate value. However, it seems more likely that in the presence
of the positive 8i atom the C-E distance would increase. Also the E-C-E angle
in ethane is somewhat larger than tetrahedral (H-1) and by analogy we might
expect that any change in this angle in other compounds containing methyl
groups would be in the same direction. Thus it seems reasonable, in the
absence of positive evidence to the contrary, to assume that the bond distances
and angles of the methyl group are as postulated previously. Ve must them look
elsevhere for a way to make theory agree with experiment.

By the simple expedient of ignoring the second moment data and
relying on intuition it becomes possidle to postulate that the methyl group
is rotating only about the 8i-C bond. The barrier to such rotation or tun-
neling of the methyl group should be low because the 8i-C bond and 8i1-Cl
bonds are considerably longer than the corresponding C-C and C-01 bonds in
methyl chloroform and thus the barrier produced by the chlorine atoms should
be reduced.

A series of derivative curves were computed using this latest
assumption and several values of @A( between 0.25 and 0.40. The closest
correlation was obtained when @A{ 0.36. This curve is represented by
the dashed line in Figure 1I. %he points of discrepancy are the tails of

the curve and the minima at :2.8' gmss. Eowever the spacings of both the
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central and eside psuks are quite close. The absence of the long tails accounts
for the very low values of the second moments calculated from the experimental
curve.

As we shall see when we discuss methoxytrichlorosilane, we cannot
asgume that the tails of the curve were lost in the background noise on the
recorded trace, since the tails are visible in the curves obtalned from
methoxytrichlorosilane. However, it seems probable tbet tvere is some low-
frequency motion of the molecule about axes perpeudicular to the 8i-C bond,
since methyltrichlorosilane is a nearly symmetrical molecule. Such motion,
if of sufficiently low frequency, might cause the observed decrease in the
second moment as well as the loss of the tails of the derivative curve without
otherwise affecting the line shape appreciably.

It 18 also quite posasible that our assumption of a Gaussian bdroad-
ening function to account for intermolecular interactions is not a good
approximation. Pake and Purcell (P-7) have pointed out that this type of
function is based on the assumption that there are a large number of near
neighbors about each absorbing nucleus which add to the strong external
field. It would seem likely that this assumption would be less valid when
the broadening from such neighbors is small, as in the present case, and
would be an tncreasingly better approximation as (3 increases.

3. _Methoxytrichlorosilane. The obse:ved derivative curve is
shown in Figure III. The theoretical curve, represented by the dashed
line, vas computed assuming rotation of the methyl group abous the ¢-C
bond and a broadening factor C‘%( of 0.36. It can be seen that theo:y

and experiment agree more closely than in the previous case.
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Figure IIIz Line Shape Derivative Curve for

Methoxytrichlorosilane

The experimental second moment is 7.3 gnnuz, which 18 corrected
to 6.3 gauuz when the intermolecular dbroadening is subtracted. The theo-
retical second moment for rotation about the C-O bond is one-fourth the rigid

lattice second moment, or 5.5 gauuz. The agreement is not remarkable, unless

perhaps in comparison to the previous case. However, the experimental second

moment is controlled largely by the long, low-amplitude tails in which the

p———

experimental error is likely to be large. Thus the ulunptién of rotation

of the methyl group about she C-0 axis seems to be well supported by the data.
It is interesting to note that there is apparently less residual

motion in methoxytrichlorosilane than in methyltrichlorosilane at 77°k. On

the basis of the Roth-Harker theory it might be expected that the 8i-0 bond

would be somewhat flexible and permit the methyl group to "waggle". This is

apparently not the case, at least at the temperature of these observations.
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C. Dimethyldichlo: ~ilane
The replacement of one of the chlorine atoms of methyltrichloro-
silane by a methyl grcup produces a marked change in the proton line shape
of the sample. This is illustrated by the experimental derivative curve
for dimethyldichlorosilane shown in Figure IV,

(cti)e Si 1
77°K
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Pigure IV: Line Shape Derivative Curve for ™methyl< ‘chlor.silane.

Qualitatively,the derivative curve is aboui «s "ne wuuld expe.t.
The line has been broadened and the fine structure 1.rgely masiked by the
addition of the second methyl group. This can be c..asidered as a combdina-
tion of two effects, the interaction batween the wo me:-hyl groups in the
same moleculs and the reduced shielding of the methyi grcups by the chlorine
atoms,

The second moment computed from the ex,.arimental .urves has an
average value of 6.9 ganllz, which is significant'.y higher than the second
moments of the methyl -  and methoxy$richlorosilaue. However tue broadening
parameter 6 has inc:eased to a value of approximately 2.4 gauss, and the

removal of its contribution to the second momeat yields an experimental
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estimate of the int-amolecular second moment of 4.0 ganllz. The theoretical
intramolecular second moment can be computed from the electron diffraction
data (1L-1) with the assumption that the methyl group has the same configura-
tion as previously assumed. Again we shall neglect the chlorine contridbution.
There are three possidle configurations of the methyl groups with respect to
each other, one staggered and two eclipsed with the staggered configuration
having the least potential energy. JXor a C-8i bond distance of 1.83% and a
tetrahedral C-8i-C bond angle, equation (2-6), Part II, yields a rigid lat-
tice second moment of 23.0 ganslz for the staggered configuraxi;n and 23.1
23.4 ganooz for the two eclipsed configurations. Thus <Ahk3>a¢4;%;}m",==
0.17" -0.174, which is less than that predicted for rotation of the methyl
groups about the C-S1 bond. We have assumed that the interactions between
the methyl groups are decreased in the same proportion as the intra-group
interactions, in accord with Andrew's calculations (A-2).

Attempts were made to fit the experimental curve in the same manner
as described above for methyltrichlorosilane. The result was again unsatis-
factory, for the same reasons. The assumption of double rotation yields a
theoretical derivative curve without any indications of fine structure,
while the theoretical curve for rotation of the molecule about an arbitrary
has very slight indications of side peaks at spacings consideradbly less than
those of the eiperinental curve. In this case the theoretical curve for the
assumption of methyl group rotation or tunneling.is equally unsatisfactory,
the side peaks of the theoretical curve being reduced to mere inflections
of the curve although these are at approximately the desired spacing. There
is, of course, the possibility that the molecule is rotating as a whole about

one of the C-81 bonds, in which case the line shape will be composed of the
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curve for methyl group rotation plus the c'.i.ve for rotation of the other
methyl group such that & 18 one-half the tetrahedral angle., Visual
correlation of these two curves indicated that this combination would yleld
no better fit than the previous attempts. There is thus considerable
ambiguity in the interpretation of the line shape of dimethyldichlorosilane.
However, the conclusions reached with regard to methyltrichlorosilane suggest
that the most reasonable interpretation of the data is that the methyl groups
are tunneling about the C-Si bond with some residual motion of the whole
molecule at a v@ry low frequency. It can be seen from Figures II and IV
that this interpretation of the data 1s at least consistent. In both cases
we must assume that there is some low frequency rotation of the molecule as
a whole, and that this motion is sufficient to reduce the second moment and
accentuate the fine structure of the experimental derivative curve without,

however, appreciably affecting the spacings of the maxima.

D. _The Trimethyl Compounds

1. CfTrimethylchlorosilane. The presence of the third methyl
group in trimethylchlorosilane increases the intermolecular bdbroadening
and the interactions between methyl groups on the same silicon atom to
such an extent that the line structure is completely masked. This is
shown by the experimental derivative curve in Figure V.

The second moment, after correction for intermolecular broad-
ening, is found to be 5.2 gaunz, vhich is only slightly. less thafx the
value expected for tunneling of the methyl groups. On the assumption
that such tunneling is the predominant type of motion theoretical deriva-
tive curves were calculated for the two droadening factors % = 0.8

and 1.0, and these were compared with the experimental curve. It was
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found that the lat-zr compared well in overall form with either of the
curves, and that tie peak of the experimental derivative curve at 2.6 gauss
fell between the values of 2.1 and 3.2 gauss for the theoretical curves for
@é( = 0.8 and 1.0 respectively. Thus the approximate estimate of
.85 18 consistent with the theoretical curves.

Once again the tail of the experimental curve cuts off more
abruptly than theory would indicate. This can be interpwzred as tefore
as indicating the existence of some low frequency motion of the molecule
as a whole, which is consistent with the slightly low value of the second

noment .

(CH3)3 Secl
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FPigure V¢ Line Shape Derivative Curve for Trimetlylchlorosilane

2. Hexamethyld oxane. The derivative curve for this
compound is shown in Figure VI.

The comparison between the theoretical and experimental curves
may be summarized as follows. ZEvaluations of %( from the experimental
curve led to an estimate of 0.95 for the broadening factor. This is
consistent with the srape of the two theoretical curves mentioned in the
previous section with regard to the location of the pesak of the experi-

mental curve. However, the tail of the experimental curve falls off more
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abruptly than the theoretical curve would indicate. At the same time the
corrected experimental second moment has the very low value of 3.0 ga.unz.
which is about the same as that computed for methyltrichlorosilane. Thus
there must be considerable motion in addition to the tunneling of the methyl
groups. The assumption that the molecule is rotating as a whole about an
axis perpendicular to the 8i-C bond ylelds a theoretical derivative curve
in which the tail falls off faster than that of the expa~: »ental curve, if
ve assume that 6/;( has the value 1.3. Thus we ouce again have a case in
vhich a good correlation of theory and experiment is not obtainaric on tie

basis of the specific types of motion postulated.

f [ —
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Pigure VI: Line Shape Derivative Curve for Aexamethyldie.loxane.

There is still the possidility that there is rotatiocnal oscillaiion
of the methyl groups in addition to tunneling aLout the €-81 “ond. .2 temms
of the second moment data this would require that /{ ta at least 4O degrees.
The 11£e shape is of no use in determining whather rotalioril oscillation is
taking place, except for the negative evidsnce trat the of narved derivative
curve cannot be fitted by theoretical curves on the basis of rotation alone.

However, other structural evidence suggesis ..ot rotaticnal oscillation is
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not impossible. The Si-0-81 bond angle has been estimated by both electron
diffraction and dipole moment studies (R-1), and has been variously deter-
mined to be anywhere from 140 to 180 degrees. The latter value was deter-
mined from the dipole moment in the gas phase (0-1). The large value of
this angle compared to that found in organic ethers, as well as the con-
siderable dispersion in the results, suggests that there is considerable
flexibility of the Si-0 bonds; this may be considered as an indication

of rotational oscillation about an axis perpendicular to the Si-81 axis
in the molecule. However, it must be admitted that this is a highly specu-

lative conclusion, in the absence of further evidence.

E. The Cvclic Siloxanes

Three of the cyclic siloxanes have been investigated in this
research, hexamethylcyclotrisiloxane (trimer), octamethylcyclotetra-
siloxane (tetramer), and decamethylcyclopentasiloxane (pentamer). Because
of the similarity of their absorption lines they will be considered
together. Before considering the nuclear resonance data, let us review
the structural information obtained by other methods.

The structure of the cyclic trimer has been determined by both
electron diffraction (A-3) and x-ray diffraction (P-8). In addition we
may consider the x-ray diffraction studies on octamethylspiropenta-
siloxane by Roth and Harker (R-3) since this compound may be considered
to consist of two trimer rings with a common silicon atom (see Figure
1-4, Part I). The results are summarized in Table I.

All investigators have concluded that the ring is planar, with
the carbon atoms arranged symmetrically above and below the plane of the

ring. The silicon-oxygen bond distance is considerably less than the sum
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of the covalent radii indicating that there is considerable ionic character
% - in the silicon-oxygen bond. There is some disagreement about the Si-C bond

distance. The electron diffraction data for the trimer, which was obtained

from the vapor, and the x-ray data on the spirosiloxane yield a value which

is less than the sum of the covalent radii (1.94%), whereas the x-ray investi-

\?
. gation of the trimer deterz.nes this Afistance as beinz significantly greater
%
: than the sum of the covalent radii. "h~ r-._.aut '°. ‘iiscrepancy is not
known.
X.D. trimer X-ray vriu. “-ray, spiro-
_peatasiloxane
si-0 , % 1.66 + .0k 1.6 % .4 1.64 ¥ .03
si-c , 4% 1.88 + .04 1.99 = ..° +.38 + .03
0-81-0 1ns + s5° R e 0 o+ 4°
81-0-81 15+ 3° 1% - 0° 130 + 4°
C-81-C 112 + 6° LR 110 + 4°
) i€
It is significu.t ¢ % o1 ~C uhe . «-@ led to the conclu-

sion that the themal motivz . the s ..y,. - 1r~ 92 "~ an normal. The con-
clusions of Roth and Harker ' @ -1 -adv * <« a’ . ~-d (Part I). With
regard to the trimer, * -1 ~\i and 7~ .+ =z, aal motion of about
0.093.'” compareu t. t-e C.uaL value of ¢ oA 4 Peyronel found it

necessary to include (- “‘e-ure ¢+ ™. _.a- in his x-ray diffraction

I studiec whic.. e fee’ s omy 't L.+ 8 of Roth and Harker.
Pin.>ly it sho 4 oe p . .abt no transitions were found
¥ in the trimer dv the .  **° .aTe extended to the temperature

of 1ligr!'4d oxygen.
The detailed x-.: ainvrstiga:ion of the cyclic tetramer is now

’ in the process .’ prepa.at. . " . However, preliminary results indicate

that there is & .remnsiii~. , P ] -16°0. The x-ray data indicate that
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above the transition point there is angular precession of the methyl groups
similar to that proposed by Roth and Harker dbut that there is no precession
below the transition point. Hoffman has determined the dielectric constant
of the tetramer in the region of the transition point (H-2). He finds a
break in the di-lectric constant curve at -16.30°C, which he explains as due
to a change in volume of the sample. The change in volume is in turan assumed
tc be caused by the onset of molecular rotation. Returnirg to the x-ray
investigation, the preliminary studies indicate that the ring in the tetramer
molecule is nearly planar. The silicon atoms are all coplanar, and the oxygen
atoms are slightly above or below the plane or both. This would indicate that
the 81-0-S1 bond angle is somewhat less than 160°C.

The structure of the cyclic pentamer has not yet been determined.
From the tentative structure of the tetramer we may assume that the various
bond distances and angles will be about the same as those in the t.etramor.
80 the ring will be more puckered. It does noi necessarily follow that the
silicon atoms will be coplanar.

The nuclear resonance data for the cyclic siloxanes are shown in
Tigures VII, VIII, and IX. The line shape derivative curves at 77°K are all
very similar; within the limits of the experimental error they may be con-
sidered as ideniical. The spacing between the maxima is somevhat larger for
the tetramer curve than for the others, and the second moment is also larger.
However, this could easily be caused by a difference in the field inhomogeneity
becauss the location of the coil in the magnet gap could not be set exactly.
The second moments before and after correc*ion for intermolecular broadening

are given in Table II.
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Compound

Trimer 9.4 gauuz 2.9 gauss 5.2 ganuz
Tetramer 10.2 gauuz 3.1 gauss 5.4 ganuz
Pentamer 9.7 gauuz 2.9 gauss 5.5 ganuz

Table Il

The corrected values of Table Il are to be compared with the value*

5.45 gannz. which 18 the theoretical second moment tc tc¢ «ipected for an
isolated methyl group tunneling about the C-Si bond. The agreement is sur-
prisingly good. Jurthermore, the line shape computed on the basis of'luch
motion and using the broadening factor % = 0.80 (@ = 2.95 ganss) agrees
equally well with the experimental curves, the deviations being too minute
to be visible when the line shape is plotted to the scale of the figures.
Thus we may confidently say that the only motion within the cyclic siloxanes
at 77°I is rotation or tunneling of the methyl groups about the C-Si bonds.

The temperature dependence of the line widths obtained from these
compounds is also shown in the figures. These were obtained by chilling the
sanple to 77°K and sweeping the oscillator frequency back and forth across
the absorption line as the sample wammed up in the Dewar flask. The line
width 1s taken to be the distance, in gauss, between the maximum and minimum
of the derivative curve, in conformity with the usual practice.

Considering the pentamer first (Figure IX) we find that the line
width decreases from 5.1 to 4.3 gauss bdetween 77°! and 170°I. This can be
uttr'ibntod to low frequency motion of the molecule or, possibly, rotational
otciilation of the methyl groups with an smplitude of perheps 5-10 degrees.
Such a conclusion is purely speculative. It is certain that some additional

motion is present to cause the observed decrease in the line width, dut it
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is probable that such motion is at very low frequencies. From 170°K to
the melting point of the compound at 247°K (-26°C) the line width @uently
remains constant. At the melting point the line width decreases sharply to
a value determined by the magnetic field inhomoégncity. This is quite normal
behavior for a compound which is not sphericaily symmetrical and which tims
is not likely to rotate appreciably in the solid state. On the other hand
the cyclic trimer and tetramer yield temperature dependerce curves which are
star:ling, to say the least.

Below 240°K, the temperature dependence of the line widths of the
trimer and tetramer samples is analogous to that of the pentamer. There is
a gradual decrease in the line width between 77°K and about 200°K after which
the line width remains constant over about a 40 degree range. However, the
sudden increase in the line width observed in both samples is unique. There
seems t0 be only one other case of this type reported. Alpert (A-4) has
reported a similar occurrence in his investigation of hydrogen seleanide, dut
considers that the presence of HCl as an impurity in the sample may be the
cause of the anomaly. There is little possibility that impurities could de
the canse in the present ressarch. The sazples had been redistilled before
their use, and in the case of the trimer tvo different samples have been used.

The increase in line width of the cyclic tetramer occurs at about
-16°C, vhich is also a $ransition temperature fur this material. It must
therefore be associated with the transition, and must involve either a
restriction of the motion that is already present at lower temperatures or
a marked increase in the intermolecular broadening. The increase in volume
at the transition point wkich has been observed by Eoffaann seems to rule
out the possidility that the interactions detween the methyl groups of dif-

ferent tetramer molecules could be increased, so we consider that the
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increase in the line width is due to some cause which is purely intra-
molecular.

The Roth-Harker theory offers a possible explanation of the
experimental results. Let us assume that above the transition temperature
of the tetramer the methyl groups swing back and forth about the 8i-O bonds.
They will be restricted in this motion by the methyl groups attached to the
other silicon atoms in the same molecule, because any fur" flopping will
decrease the distance between some pair of methyl groups. Thus the time
average distance between the methyl groups in the same molecule will be
decreased. This will tend to increase the interactions between them.
Furthemore, these increased interactions might well increase the barrier
to tunneling of the methyl groups about the C-Si bonds, thus restricting
this motion in favor of the swinging of the methyl groups. Both effects
would produce a broader line and a larger second moment.

The same explanation would apply to the cyclic trimer. %he
broadening is more marked for this compound becanse of the greater
temperature range between the increase in the line width and the melting
point. The line shape and second moment have been determined for the
trimer at room temperature. The second moment is 12.1 ganluz which 1is
considerably larger than the value determined at 77°k. ¥o attempt has
been made to fit the line shape with a theoretical curve because the
computed derivative curves are too inaccurate for the large value of ék?

required to be of real significance.

¥e have already mentioned that Peyronel found no evidence of a
transition in the cycl.c trimer bdetween 77°K and room tenperature. In

view of the marked increase in line width commencing at 238°I (-35°0)
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this is somewha' 2 'prising. It wouid seem advisable to de*ermine the

heat capacity and the volume. temperaturs curves in this range.

¥. Silicone Rubber

The line shape 1e rivative curve and the tsmperature dependence
of the line width for the sample of sil. ... r.bbes investigated in this
research are given in Figure X. The m2asurements ware made ¢+ a sample
of SE 450 silicone rubher suppiied by the General 3. Jcrpany which
had been cured for ! heur at 300°F. The i:ne grape at 77°% ie very similar
to that obtained from the oycl.: cowpounds a ‘he same temperature and could
be fit very well by assuming rotatica of the mathyl about the C-Si bonds,
and using a broadening parameter j = 2.9 gauss. The experimental second
moment is 10.0 gza.m;s2 which is corrected to 5.8 gauaa?‘, a value consistent
with the assumption wmade atove. The temperature dependence curve differs
slightly from those of tue oyclic compo.nds at low 'emperatures in that
there 18 no decrease in the i:ne width from 7 K vo 164°K. At 164°K
(-10900) there i8 an abrup' drop in *te line width from 5.0 gauss to about
2.5 gauss, and the line width then tapers off more graduaily until at 210°x
it has a value which is abcut the same as ‘he magneric field inhomogeneity.

It 1s interesting to coumpare these results with the line width vs.
temperature curves for natural rutber (M 4) The latier curves are shown
in Figure XI. There 1s scme variation 1o *he ' zmperature at which the
first knee in the curve appears. this temperature increasing as the cure
time of the sample: - .. However, the sharp break in the curve occurs
at about 220°I in ali .ases. This is atout 60" bigher than the break in
the curve for eilicone r tzer and the line width decreases much more

slowly than is the case «#:th s licopes rutber. Furthermcre the line width
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in natural rubts- g1 reached its rigid lattice value at temperatures of 150°!

and less, wherszas we have ssen that the line width in silicone rubber is still

narrowsr than the rigid Lattice value ab 7K,

The segments of the derivative zurve which were obtained as the
sample warmed up from 77°K showed an inte-::* ing and apparently real effect,
which is illustrated in Figure XII (a). The aample warmed up about 13° during
the time required to sweep through erough of the line '~  to record the
peaks of the derivative curve. The segments ‘of each curve were then plotted
as shown in the figure. the amplitude of eacn being adjusted to have the same
peak heighi. It was noticed that as the iemperature increases the tail of
the derivative curve falls off less sharply than it does ab lower tempera-
tures. The figure shows only the lowest temperature curve and the curve
obtained just below the break in the temperature dependence curve, but the
other curves obtained at intermediate temperatures show the same effect in
amounts which increase with increasing temperature. This indicates that
there is a slight increase in the second moment of the line as the tempera-
ture increases., although the line width is not appreciably affected. The
explanation of this effect would seem tc be that there is some rotational
cscillation of whe methyl groups which, if the polymer molecules are closely
packed, would increase the interactions tetween methyl groups on different
chains. The sudden de¢crease in the line width would then indicate that the
molecules tegin to rotate freely. If this explanation is valid, we should
expect to observe a change in the volume of the sample, sufficient to permit
the methyl groups to rotate Sternberg has attempted to find such a volume
changs by dilatometry. wethods, but the results have been inconclusive. Xo
definite btreak was observsd in plot of voiume vs. time as the sample warmed.

However, there were indi.ations that tae 3lope of the curve changes at adout
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168°k (-105°C). The s.imulianeous determination of the temperature of the
sample as a funct.on of time also showad a change in the slope of the curve
at about 168°K, and this was also ctserved in the temperature-time curve
obtained during the measurement of the *temperature dependence on the line
width. Both the volume-temperature, and iwrverature-time curves thus seem
to support the explanation given, the temperature-time curve showing a more
noticeable effect.

Above 164°K, the segnents of tlie dsrivatire curves show that there
is a more gradual decrease in the line widtr. and at the same time the tails
of the curves decrease until a very narrow line, such as is expected from
liquids, is observed at 210°K. This is 1llustrated in Figure XII (b). The
line shapes can be explained qualitatively on the basis that they are com-
binations of two, curves. a narrow, liquid-like curve. and a broad curve
similar to that observed below 164°K. This would ind‘cate that the molecules
do not commence rotating simultaneously. It 1s svgzested that this effect
may be due to the fact that there are polymer molecules of widely varying
molecular weights. A determination of the temperature dependence of the

line widthe of a series of more homogeneous fractiona should offer a test

of this suggestion.

G. Summary and Suggestions

The results .btained in this ressarsh indicate there is an
unusnal degree of motion of the protons in organosilicon compounds, as
compared to organi: compounds cf similar structure. At 77°K this seems
to take the form of rotation or tunneling of the methyl groups about the
C-S1 bonds. The mett -, "orosilanes and hexamethyldisiloxane also give

evidence that there 1s alsc low frequency rotaticn of the molecule about
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some other axis thr..zh the center of mass, which is probably due to the near
spherical symmetry of these molecules.

Ve have fourd 1t necessary to assume that the methyl groups in the

compounds studied have the same bond distances and angles that exist in

methane. It is not possible to check the vz!idity of this assumption from
the experimental data at the temperatures obtainable with the present
apparatus, because the observed motion of the methyl gre=z~ nersists to the
lowest obtainable temperatures. However, it should be possidble to obtain
detailed information concerning the configuration of the methyl groups at
temperatures sufficiently low to freeze out all motion in the sample, because
at such temperatures, the line shape will be determined only by the proton-
proton distance. There might also be some possibility of obtaining more
precise data about both the methyl group configuration and the motion of
the protons if studies are made with single crystals of the sample, and at
the same time to check the vaiidity of the assumption of a Gaussian dbroad-
ening function. However. the experimental difficulties involved in
preparing single crystals of the substances used in this research might
well prove prohibitive.

The cyclic siloxanes offer many interesting possibilities for

further study. The anomalous bebavior of the temperature dependence of

the line widths should te eramined more closely in the region where the
change in width occurs. This would require the use of a crycstat so that
the line width could be examined at fixed temperatures near the transition.
Relaxation time studies shouldi ailso prove valuable because of the dependence
of the relaxation time cr the motion of the nuclei. JFinally the other

cyclic siloxanes might wel.: be included in any further work.
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The study of single crystals of the cyclic siloxanes should cast

some light on the nature of the change that takes place when the line widths
increase, becanse of the less complex nature of the theoretical line shapes.
Preparation of the samples would be difficult, but considerably simpler than
in the case of the other molecules discussed. The cyclic trimer, in particﬁ-
lar, may be prepared in the single crystal form by sublimation at room
temperature (P-8).

The results of this investigation of silicone rubber must de con-
sidered in connection with t.;he two theories concerning the nature of the
siloxanes that have been discussed in the Introduction. The most important
fact to be considered is the existence of considerable motion in this material
at temperatures above 164°K. This motion cannot be restricted to a partigular
axis or plane, becanse of the very narrow line width obtained at higher
temperatures. S8Such line widths imply considerable random motion such as
is usually considered characteristic of the liquid state. It seems likely
that in the solid rudber there is not only rotation of the methyl groups
about the chain axis but also some flexing of the chain, which would imply
some deformation of the 8i-0-Si angles. This is quite similar to the motion
postulated by Roth and Harker.

On the other hand there seems to be no necessity to assume that
the coiling postulated by Pauling and Zisman actually occurs. At the same
time the evidence does not exclude the possibility. Our conclusions can
best be summarised by saying that it is quite possidle that the coiling-
uncoiling hypothesis applies to the siloxanes, dut this hypothesis alone
is not sufficient to explain the narrowing of the line width which has

Yeen observed.
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A recent article on the structure of the polysiloxanes (F-2)
contains the suggestion that the unusual properties of these materials
may be explained by assuming that some of the molecules of the linear
polysiloxanes are actually not linear but are composed of several large
rings interlocked with each other like the links of a chain. Tims, such
a polymer molecule which contains 10,000 {(0%)#81(_)}- units could actually
be a series of 100 rings, each with 100 —E((Sﬂj)zs:lo}L vr*" . Such mole-
cules would then act as plasticizers for the rest of the polymer. ZThe
present results do not give any evidence either for or sgainst this
hypothesis. However, it should be noted that according to Frisch, Martin,
and Mark, the rings involved in such structures would have to contain at
least twenty {(033)2810} units, whereas the largest cyclic siloxane
isolated thus far is the heptamer, and only trace amounts of material
which could be larger cyclic compounds has ever been found in the
hydrolysis mixture used in the preparation of silicone rubber gum.

Turther studies of silicone rubber and other silicone polymers
could take almost innumeradle forms. In terms of nuclear resonance studies
alone, there are many possibilities. The effect of plasticizers, time of
cure, swelling by both oils and organic solvents, and vulcanization warrant
investigation, as well as studies of the silicone rubber gum in toto or
after fractionation into more homogeneous molecular weight ranges. Such
studies have already been made on both natural and synthetic rubbver (N-5).

The investigation of the temperature dependence of the relaxation
time would seem to be particularly interesting, especially in the region
around the dreak in the line width vs. temperature curve: and more refined
seasurenents of the heat capacity and the volume as a function of tempera-

tures are wvarranted.
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